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ABSTRACT

The Water Erosion Prediction Project (WEPP) model, originally developed for
hillslope and small watershed applications, simulates complex interactive processes
influencing erosion. Recent incorporations to the model have improved the
subsurface hydrology components for forest applications. Incorporation of channel
routing has made the WEPP model well suited for large watersheds. However, the
model is still limited in modeling forested watersheds where groundwater baseflow is
substantial, and where snow accumulation and melt dominate winter hydrology.

A linear-reservoir model was used to estimate baseflow and a double-threshold
temperature approach was used to partition precipitation into snow and rain. A
mountainous subwatershed of the Upper Cedar River watershed was chosen for
WEPP application and assessment. Simulations were conducted for 1996-2011 to
assess the model. The WEPP model reproduced the majority of observed streamflow
peaks and the general trend of the hydrograph demonstrating its applicability to a
large watershed where groundwater baseflow was significant.

1. INTRODUCTION

Snow-dominated mountainous watersheds are the principal source of freshwater
in rivers and lakes (Christensen et al., 2008). Unlike small watersheds, large
watersheds are often highly heterogeneous in climatic and physiographic settings
(Singh, 1997). The interactions of climate with varying soil, vegetation, and geology
in complex snow-dominated mountainous watersheds have a substantial effect on
streamflow generation (Kuras et al, 2008; Safeeq et al., 2013). The understanding and
assessment of hydrology of such snow-dominated watersheds are important for sound
management of aquatic ecosystems and water supply and demands.

Streamflow hydrographs can be separated into three major components: surface
runoff, subsurface flow, and groundwater baseflow. Surface runoff typically
contributes to peak discharges in a hydrograph. Subsurface lateral flow dominates the
falling limb of a hydrograph and occurs when water flows laterally through soils.
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Baseflow is generated from water stored in shallow aquifers (often unconfined)
during dry seasons, represented by the recession part of the hydrograph. As the size
of the watershed increases, baseflow plays an increasingly important role in the
surface- groundwater interaction and in regulating streamflows, particularly during
low-flow periods (Tague and Grant, 2009; Winter et al., 1998). The quantification of
baseflow in areas where it substantially contributes to streamflow is crucial for
monitoring and management of water resources.

Numerous studies have been focused on assessing the behavior of baseflow
contribution to streams or rivers (Nathan and McMahon, 1990; Moore, 1997;
Wittenberg, 1999). Observed recession curves from some of the recent investigations
fitted the non-linear storage-outflow relationships (Moore, 1997; Wittenberg, 1999;
2003) possibly due to the presence of multi-reservoirs, flood-plain storage, variations
in rainfall, evapotranspiration, thickness of the aquifer (Nathan and McMahon, 1990),
and a decrease in saturated hydraulic conductivity of soil with depth (Wittenberg and
Sivapalan, 1999). To simulate such complex surface-groundwater processes that
contribute to non-linearity in baseflow, a sound understanding of a study area’s
geology is required, which is often lacking. Therefore, a linear-reservoir assumption
is more commonly used in hydrological models for simulating groundwater baseflow
(e.g., SWAT, Arnold et al., 1995; MIKE SHE, Storm and Punthakey, 1995;
BROOKS 90, Federer, 2002).

Dooge (1960) developed a linear-reservoir model for estimating baseflow on the
assumption that groundwater outflow is directly proportional to groundwater storage.
Past studies supported the linear-reservoir model as a good approximation for
baseflow recession (Zecharias and Brutsaert, 1988; Vogel and Kroll, 1992;
Hornberger et al., 1998; Chapman, 1999). A number of studies also show the linear-
reservoir approach to be adequate to represent baseflow recession (Fenicia et al.,
2006; Brutsaert, 2008; van Dijk, 2010; Krakauer and Temimi, 2011).

Snow-dominated mountainous terrain exhibits high spatial and temporal
variations in precipitation and temperature (Hamlet, 2011), which strongly influence
the seasonal streamflow (Wu et al., 2012). Generally, precipitation increases and
temperature decreases with elevation (Whitaker et al., 2003; Smith, 2007).
Precipitations at low-, mid-, and high-elevations are, respectively, dominated by rain,
a mix of rain or snow, and snow (Elsner et al., 2010).

Hydrologic models simulate snowpack accumulation dynamics by partitioning
precipitation into rain and snow based on surface air temperature and either a single
or a double-threshold partitioning methods (Maurer and Mass, 2006; Kienzle, 2008;
Mizukami et al., 2013). For snow-dominated mountainous watersheds, a double-
threshold partitioning approach is commonly adopted in hydrologic models to
account for high spatial and temporal variability in precipitation and temperatures.
The snow and rain phases of precipitation vary by storm and location that could result
in variable threshold temperatures (Kienzle, 2008). Maurer and Mass (2006) and Dai
(2008) reported that rain-snow partition temperatures vary considerably from location
to location and storm to storm, and the threshold temperature may range from —2°C
to 4°C. The United States Army Corps of Engineers (1956) based on field
investigation in the Pacific Northwest region suggested a temperature range of —1°C
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to 3°C for mixed snow and rain for hydrological modeling.

The Water Erosion Prediction Project (WEPP) is a physically-based, continuous-
simulation, distributed-parameter model (Flanagan and Nearing, 1995). The model is
based on the fundamentals of hydrology, hydraulics, plant science, and erosion
mechanics (Nearing et al., 1989). The WEPP model was originally intended for crop-
or rangeland and there are several applications on small or medium-scale watersheds
where streamflow is mainly from surface runoff (Baffaut et al., 1997; Liu et al., 1997,
Amore et al., 2004; Pandey et al., 2008; Abaci et al., 2009).

The addition of enhanced routines for subsurface lateral flow and deep
percolation computations to WEPP enhances the model’s applicability to small forest
watersheds where subsurface lateral flow is a dominant process (Covert et al., 2003;
Dun et al., 2009). However, WEPP applications to forest watersheds have resulted in
underprediction of streamflow primarily due to the negligence of groundwater
baseflow (Dun et al., 2009; Zhang et al., 2009). Brooks et al. (2011) showed good
agreements between simulated and observed streamflow from large watersheds in the
Lake Tahoe basin by bypassing stream channel algorithms and simulating streamflow
from hillslope output from the WEPP model. Baseflow was simulated using a linear
reservoir approach as a post-processing step from cumulative deep percolation losses
from all hillslopes in the watershed. The most recent addition of channel routing
algorithms to WEPP allows simulations of streamflow from watersheds with
perennial flows (Wang et al., 2010). Incorporating a groundwater baseflow
component in WEPP is necessary for applying WEPP to large watersheds where there
is a significant contribution of groundwater baseflow to streamflow.

Presently, the WEPP model is limited to using a single-threshold temperature for
rain and snow partitioning. Dun et al. (2010) and Hubbart et al. (2011) emphasized
the limitations of using a single threshold in WEPP to distinguish precipitation phases
and suggested the incorporation of a double-threshold rain-snow partitioning method
to better represent snow accumulation processes.

The objectives of this study were (i) to develop and incorporate algorithms in
WEPP (v2012.8) to estimate groundwater baseflow following the linear-reservoir
approach; (ii) to enhance the WEPP winter routines by adopting a double-threshold
approach for rain-snow partition, and (iii) to evaluate the performance of the
modified WEPP model by applying it to a typical snow-dominated watershed in the
US Pacific Northwest.

2. METHODS
2.1 WEPP Model

WEPP conceptualizes watersheds as a network of rectangular hillslopes and
channels (Baffaut et al., 1997). Surface runoff and subsurface lateral flow from each
individual hillslope is routed through the downstream channel network to the
watershed outlet. A water balance output file is generated by the model that includes
simulated daily surface runoff, deep percolation, evapotranspiration (ET), subsurface
lateral flow, and total soil water for each hillslope and channel segment. Deep
percolation in the current WEPP model (v2012.8) is the amount of the water that



drains vertically out of the soil profile or the model domain. The absence of a
groundwater baseflow component in the current WEPP renders it difficult to assess
water yield for large watersheds where a significant amount of baseflow contributes
to streamflow.

2.1.1 Incorporation of a
Baseflow Component in
WEPP

Fig. 1  shows the
conceptualization of hillslope
hydrologic processes, with a
baseflow component added in
WEPP. WEPP-computed daily
deep percolation out of the soil
profile is taken as recharge to
the underlying aquifer, adding
to the groundwater storage.
Groundwater discharge to the

Fig. !..Sc}.zematic ofhillslope h%/drologicprocesses..P, . adjacent stream contributing to
precipitation, E,, soil evaporation, T, » plant transpiration; R, .

surface runoff; R,, subsurface lateral flow; D, deep the_ streamflow as . baseflow is
percolation; Oy, baseflow, and Q,, deep seepage. The dotted ~ €Stimated ~ following  Dooge
blue line represents the groundwater level. (1960). In addition, the

groundwater may move further
down into a deeper aquifer (Graham et al., 2010) and is considered lost from the
model domain.

Equations 1 and 2 were used to compute baseflow and deep seepage. The storage-
outflow relationship (Maillet, 1905) states that the outflow from the groundwater
reservoir is a linear function of the storage.

The storage-outflow relationships for baseflow and deep seepage are
Qp(t) = ky - S(t) 1)
Qs(t) = ks ’ S(t) (2)

where Q, is baseflow, Q; is deep seepage, and S is the groundwater storage, all a
function of time t [LT '], k; and k; are the baseflow and deep seepage coefficients,
respectively, [T']. Note that k, represents the fraction of the groundwater storage at
any given time that contributes to streamflow as baseflow, and ranges from 0 to 1. On
the other hand, a positive value of k,, ranging from 0 to 1, represents the fraction of
the groundwater storage at a particular point in time that percolates from the upper
aquifer to the lower aquifer, while a negative kg value, ranging from —o to 0, would
represent the strength of the upward flow from the lower aquifer to the upper aquifer.

A global optimization algorithm, the Levenberg-Marquardt non-linear least-
squares fit method (Vetterling et al., 1992) was implemented in WEPP to estimate the
initial storage and the baseflow and deep seepage coefficients by minimizing the sum
of squares of the difference between observed and simulated streamflow values.



2.1.2 Incorporation of Double Threshold Rain-Snow Partition in WEPP

In the WEPP v2012.8, snow accumulation, density, and melt are calculated on an
hourly basis in the winter routine. The daily climate inputs of precipitation,
temperature, and solar radiation are down-scaled to hourly values for snow
accumulation and melt computations (Savabi et al., 1995). The density of freshly
fallen snow is assumed to be 100 kg m™. Hourly fallen precipitation is determined as
rain when the hourly air temperature is greater than the threshold temperature of 0°C
and as snow otherwise. The depth and density of the snowpack are adjusted for new
falling and drifting snow, snow settling, and snowmelt. Snowmelt occurs when the
daily average temperature is greater than 0°C and snow density exceeds 350 kg m ™.

To improve the WEPP simulation of snow accumulation as suggested by Hubbart
et al. (2011) and Dun et al. (2010), we modified the rain-snow partition scheme to
better simulate snow accumulation. We implemented the double-threshold rain-snow
partition in the winter routine by adapting the approach of the US Army Corps of
Engineers (1956). Hourly snowfall (P, ), rainfall (Py,;,), and mixed rain and snow
(Ppixea) Were determined based on snow density that is a function of hourly
precipitation (P) and air temperature (T, ) as well as the upper (Ty4in) and lower
(Tgp0w) rain-snow partition thresholds:

for Ty = Train, Pinow =0, Prgin =P;
Ty < Tsnows Ponow =P - Z_:/a Prgin = 0;
w (Train_Ta)
Tsnow < Ta < Trains Prixea = P+ p?, p = pw—(ow—ps)- m (11)

where p,, is the density of water (1000 kg m™), ps is the density of fresh snow,
and p is the density of mixed rain and snow assumed as a linear function of the air
temperature when it is between the rain-snow thresholds.

2.2 Model Application
2.2.1 Watershed Description

Our model assessment focused on the Upper Cedar River watershed located in the
Cascade Mountains of western
Washington in King County, WA N
(Fig. 2). Known also as the Cedar
River Municipal watershed, it is a |
protected, mountainous, forest
watershed that supplies drinking
water to the City of Seattle. The
Cedar River generally flows | =%

. N []watershed Boundary

northwest into the Cedar Lake (Wiley | Eevation,m
and Palmer, 2008). The 105-km? Phahz 1955
study watershed is upstream of Cedar .Low: 477
Lake and ranges 477-1655 M in | | leascmme

elevation (USDA NRCS, 2012). The

watershed receives 70% winter Fig. 2. Location of the study watershed. Dots denote
SNOTEL and NCDC weather stations. The triangle
represents the USGS stream gauging station.




precipitation (October—March) and 30% summer precipitation (April-September).

The two dominant soil series found on the uplands above the USGS stream gauge
are Nimue (andic haplocryods, loamy-skeletal, mixed), a loamy sand that covers 56%
of the watershed, and Altapeek (andic haplocryods, sandy-skeletal, mixed), a gravelly
sandy loam that covers 15% of the watershed. Kaleetan (typic haplohumods, loamy-
skeletal, mixed, frigid), a sandy loam, is typically found on the lowlands, covers 29%
of the watershed (USDA, 2012). Along the soil profile, soil texture typically varies
from sandy loam at shallow depths to extremely gravelly sandy loam near the 1520-
mm depth (USDA, 2012).

The watershed is vegetated by a combination of old-growth and second-growth
conifer forest. The old-growth forest is 250-680 years old and is mostly found on
high elevations (Seattle Public Utilities, 2015). The second-growth forests at low
elevations are younger than those at higher elevations due to harvest in the 20"
century. Vegetation cover in the watershed generally falls into three forest vegetation
zones. Franklin and Dyrness (1988) and Henderson et al. (1992) classified different
vegetation zones by elevation and climate for western Washington and northwestern
Oregon.

The underlying hydrogeology in the study area consists of a minor basaltic
aquifer that is underlain by low-permeability intrusive igneous and metamorphic
rocks on the uplands (USGS National Atlas of United States, 2013) and the
unconsolidated-deposit (volcaniclastic deposits, andesite flows, and quaternary
alluvium) aquifer in the lowland stream valley (Shellberg et al., 2010). The minor
basaltic aquifer is adequately permeable for water to move laterally to recharge the
unconsolidated-deposit aquifer that discharges water to nearby streams or lakes
(USGS National Atlas of United States, 2013).

2.2.2 Climate and Streamflow Data

There are five weather stations and one USGS gauging station within and near the
study watershed (Fig. 2, Table 1). The NOAA’s National Climatic Data Center
(NCDC) weather station is located downstream of Cedar Lake, and the other four
NRCS SNOw TELemetry (SNOTEL) weather stations are located at higher
elevations of the watershed. The NCDC has been recording weather data since 1940
while the four SNOTEL stations have weather data available from 1996 onwards.
Weather data recorded at these stations include daily precipitation, maximum and
minimum temperatures, and snow depth or snow water equivalent (SWE). The USGS
gauging station is immediately upstream of Cedar Lake and has been recording daily
streamflow since 1945.

Table 1. Elevation, average annual precipitation, maximum and minimum
temperature, and percent precipitation as snow.

Avg. Ann Avg. Ann. Avg. Ann. Precipitation
. Elevation g. Ann. Maximum Minimum P
No. Weather Stations Source Precipitation as snow
(m) Temperature ~ Temperature o
(mm) o) o) ®)
1 Cedar Lake NOAA-NCDC 475 2546 124 41 10
2 Mount Gardener ~ SNOTEL 890 2659 10.8 31 23
3 Tinkham Creek SNOTEL 911 2683 10.8 1.7 32
4 Meadows Pass SNOTEL 984 2427 10.8 14 40
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5 Rex River SNOTEL 1161 2704 9.4 2.0 43
Average 2606 10.4 23 34

Table 1 shows average annual precipitation, maximum and minimum
temperatures, and elevation at each weather station in the watershed. Generally,
precipitation increases with elevation (at about 0.13 mm m™") in winter, and decreases
(at 0.01 mm m™') with elevation in summer. Mean air temperature decreases with
elevation by 0.004 °C m™' during both winter and summer months.

Snowfall in the region is highly dependent on elevation, typically starting at mid-
November, peaking around mid-April, and melting by the end of May or June.
Comparison of measured snow at the five weather stations indicates an increase in
snowfall with elevation. On average, 34% of precipitation in the region falls as snow
with the lowest amount of snow being observed at the Cedar Lake and the highest at
Rex River.

2.2.3 WEPP Model Setup and Inputs

WEPP requires four main input files for both hillslope and channel elements:
topography, climate, management, and soil. For WEPP simulations, we delineated the
study watershed into hillslopes and channels using GeoWEPP, a geospatial interface
of WEPP (Renschler, 2003), from a 30-m digital elevation model (DEM) (USDA
NRCS, 2012). GeoWEPP uses TOPAZ (Topographic Parameterization, Garbrecht
and Martz, 2000) to generate drainage networks for the watershed and topographic
variables, such as slope length and width, slope gradient, and aspect for hillslopes and
channels, from a DEM (Garbrecht and Martz, 2000). The minimum-source channel
length and critical source area were set to 500 m and 25 ha, respectively, in
delineating the drainage network to match the National Hydrography Dataset streams
(USDA NRCS, 2012). In all, the TOPAZ-discretized watershed consisted of 253
hillslopes and 103 channels, including 52 first-, 21 second-, 7 third-, and 23 fourth-
order channels.

Soil and vegetative characteristics of each hillslope or channel element were
assigned from the STATSGO soil map (USDA NRCS, 2012) and the USFS
vegetation map (Rolf Gersonde, Seattle Public Utilities, personal communication,
2014) with GeoWEPP using ESRI ArcGIS 10.1 software. Soil textural and hydraulic
properties were extracted from the STATSGO database (USDA NRCS, 2012; Table
2). Soil albedo and erodibility parameters (rill erodibility, interrill erodibility, and
critical shear) were obtained from the WEPP forest database (Table 3). The soil
anisotropy ratio, which represents the dominance of lateral over vertical hydraulic
conductivity of soil, was initially set to the default value of 25 for steep forest slopes,
and was further calibrated for the study watershed. For this study, a single anisotropy
ratio was used for the entire watershed.

Climate data recorded at the NCDC and SNOTEL stations in the watershed, such
as daily precipitation and maximum and minimum temperatures, are available from
the NCDC and NRCS websites. WEPP requires additional climate inputs, which
include precipitation characteristics (event total and duration, normalized intensity,
and time to peak intensity), solar radiation, dew-point temperature, wind speed, and



wind direction. These inputs were stochastically generated using CLIGEN v5.3
(Nicks et al., 1995), an auxiliary program included in the WEPP program package,
based on the monthly statistics of the long-term historical weather data from the

NCDC weather station near Cedar Lake.

Climate data recorded at the five weather stations (Table 1) were spatially
interpolated using the Thiessen polygon method. Unique weather input files were
developed and assigned to each hillslope within the five climate zones generated by
the Thiessen polygon method. For channels, the lowest-elevation climate data from
the Cedar Lake station were used as only one set of climate inputs is allowed for

channels in the current version of WEPP.

Table 2. Soil characteristics in the study watershed.

) ) CEC Hydraulic
g‘e’ﬂes Soil type Sand (%)  Clay (%) ﬁﬁi‘;‘r“z% ) (SSS;I) Rock (%) g:l)rr;ldﬁrc}]i;/ity
Nimue  Loamy sand 79.2 5.0 12.5 25.0 40 330
Kaleetan ~ Sandy loam 66.6 10.0 7.0 20.0 35 102
Altapeak gﬁ elly  sandy o6 o 10.0 75 75 30 102

Table 3. Major soil and management inputs.
Parameters Values
Albedo 0.23
Initial saturation level (%) 80
Rill erodibility (s m ") 5.0x107*
Interrill erodibility (kg s m™*) 4.0x10°
Critical shear (Pa) 1.5
Anisotropy ratio (25) 20
Saturated hydraulic conductivity of restrictive layer (mm hr ") (0.41) 0.20°
Leaf Area Index 7%10°, 9¢
Mid-season crop coefficient (0.95)0.75"
Readily available water 0.75
Initial groundcover (%) 100

Initial canopy cover (%)
Day of senescence
Canopy height (m)

Maximum root depth (m)

0.79%, 0.63°, 0.58°

250
69% 61°, 46°
2

Values in parentheses are from the literature. Values with an asterisk are calibrated.

@ Western hemlock; ° Pacific Silver Fir; ¢ Mountain Hemlock

The saturated hydraulic conductivity of the restrictive layer (Ksy) for basaltic-



andesite volcanic bedrock was reported by Belcher et al. (2002) as ranging 0.0017—
250 mm hr~' with a geometric and arithmetic mean of 2.5 mm hr' and 62.5 mm hr™'
for volcaniclastic sedimentary rocks and younger volcanic rocks, respectively. Todd
and Mays (2005) reported a value of 0.42 mm hr™' for basalt rocks. We set the Ky
value to 0.4 mm hr™" initially (Table 3) and calibrated the value subsequently.

The management inputs for hillslopes were based on the default values for
perennial forest in the WEPP database (Table 3). The maximum canopy height was
taken from Dale et al. (1986). The percentage canopy cover and the leaf area index
(LAI) were computed in ESRI ArcGIS 10.1 from available raster data provided by
Seattle Public Utilities (Rolf Gersonde, personal communication, 2014). For
channels, fallow management conditions in the WEPP database were used. The earth
channel type was selected for the first- and second-order upland streams, and the
channel-with-gravel-base type was chosen for the third- and the fourth-order lowland
streams.

The WEPP v2012.8 has three channel-routing methods: linear kinematic-wave,
constant-parameter Muskingum-Cunge, and modified three-point variable parameter
Muskingum-Cunge that are appropriate for large watersheds (Wang et al., 2010). For
this study, we chose the linear kinematic-wave method, which is suitable for steep
and long channels (Wang et al., 2010).

2.2.4 Model Calibration and Performance Evaluation

All WEPP simulations were performed at a daily time step in a continuous mode.
Daily streamflow records were separated into two periods: the first (January, 1996—
September, 2003) for model calibration and the second (October, 2003—September,
2011) for model performance assessment. Four sensitive parameters in WEPP were
identified and each was manually adjusted through a series of WEPP runs in three
steps based on two widely used model performance statistical indices, namely, the
Nash Sutcliffe Efficiency (NSE, Nash and Sutcliffe, 1970) and the deviation of runoff
volume (D,, Gupta et al., 1999). These indices were evaluated for simulated and
observed daily SWE and streamflow for both the calibration and performance
assessment periods.

In the first step of the WEPP model calibration, T, and Tsnow parameters were
optimized using the observed SWE at the SNOTEL sites. A single set of threshold
temperatures was used for the entire study watershed. The calibrated Tyain and Tsnow
were 1°C and —1°C, respectively. The density of new fallen snow was adjusted to 175
kg m~, which was the average of the field-observed snow density ranging 150—200
kg m~ at moderate and high elevations of the Cascade Range (Scott Pattee, USDA
NRCS, Mount Vernon, WA, personal communication, 2014).

In WEPP, actual ET is computed from the reference ET following the FAO
Penman-Monteith method (Allen et al., 1998) based on vegetation growth and
environmental conditions. The mid-season vegetation coefficient (K,) and the ratio
of readily available water to total available water in the root zone (p) were adjusted
for the forest vegetation at the study watershed. The default values of K¢, and p for
conifers were 0.95 and 0.70 (Allen et al., 1998). Both were calibrated to 0.75.
Conifers tend to close their stomata and conserve water when soil water is limited
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(Allen et al., 1998) as is the case in summer in the study area. In addition, deep-
rooted mature conifers can maximize the use of soil water (Allen et al., 1998; Zhang
et al., 2009).

After the calibration of the rain-snow partition and ET parameters, we calibrated
Ksat Tor basaltic-andesite volcanic bedrock and soil anisotropy ratio simultaneously.
The anisotropy ratio was varied from 1 to 5 and then to 30 in increments of 5 while
Kt Was varied from zero to 0.6 mm hr ! in increments of 0.2 mm hr . Simulations
with different levels of the anisotropy ratio were run against all levels of Kg. For
each WEPP run, the three baseflow parameters, S, kj,, and k; (Equations 1 and 2),
were optimized using the observed and WEPP-simulated streamflow data for the
period of 1996-2003. For our study, we chose the optimum soil anisotropy ratio and
Ksat to be 20 and 0.2 mm hr', respectively.

Following the WEPP calibration, we assessed the model performance using the
same inputs for the second period (October, 2003-September, 2011) of the
streamflow observation, and the same statistical criteria of NSE and D,. In addition to
WEPP’s ability to reproduce the daily observed SWE and streamflow, we also
examined the simulated long-term annual water balance for both the model
calibration and performance assessment periods.

3. RESULTS AND DISCUSSIONS
3.1 Snow Water Equivalent

Daily comparison of WEPP-simulated and SNOTEL-observed SWE for
1996—2011 is shown in Fig. 3. For the periods of model calibration (1996—2003) and
model performance assessment (2004—2011), WEPP over- and underpredicted SWE,
respectively.

For the period of model calibration, NSE for SWE ranged from 0.60 to 0.91 for
the four SNOTEL sites, averaging 0.8, and D, ranged from —19% to 11%, averaging
—11%, indicating overprediction. For the period of model performance assessment,
NSE varied from 0.34 to 0.42, averaging 0.38, and D, ranged from 43% to 62%, with
an average of 52%, suggesting underprediction. Generally, with increasing elevation,
the agreement between the simulated and observed SWE improved for the calibration
period, and decreased for the model assessment period (Fig. 3).

The trend of simulated SWE generally matched that of observed, with the
exception of the years 2006, 2007, and 2010 for which the average NSE were —0.42,
—0.65 and —0.82, and D, were 93%, 87% and 90%, respectively (Fig. 3). The large
discrepancies in simulated and observed SWE for these three years were possibly due
to the replacements of standard temperature sensors with the extended-range
temperature sensors. The temperature sensors at the Rex River and Meadows Pass,
and Tinkham Creek and Mount Gardener SNOTEL sites were replaced in July, 2003
and May, 2005, respectively. Temperature sensors were replaced by the NRCS at
Pacific Northwest SNOTEL sites to capture the temperature readings to —40°C
(Julander, 2011). Julander (2011) showed that the new extended-range temperature
sensors recorded 1-2°C warmer than the standard sensors at the Trinity Mountain
SNOTEL site located in Idaho, Inland Pacific Northwest. Generally such
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inconsistency in temperature recording was observed at all of the ldaho SNOTEL
sites (Julander, 2011). In a more recent study, Oyler et al. (2014) showed an artificial
increase in warming trends at the Western US SNOTEL sites while evaluating
temperature observations from 1991 to 2012. Systematic inconsistencies in the
minimum temperature were noticed when high elevation SNOTEL temperatures were
homogenized with the low elevation NCDC stations. They concluded an average of
1.42°C increase in minimum temperature as a result of replacement of temperature
sensors from 1995 to 2006.

~ Calibration Assessment _
2500 — . >
2000 - NSE=0.79, Dv=-10% Rex River (1161 m) NSE=0.35, Dv=55%
1500 — ‘

2000 -| NSE=0.91, Dv=11% Meadows Pass (984 m) NSE=0.34, Dv=62%

2000 -| NSE=0.69, Dv=-24% Tinkham Creek (911 m) NSE=0.41, Dv=43%

Snow water equivalent (SWE, mm)

2000 o NSE=0.60, Dv=-19% Mount Gardener (890 m) NSE=0.42, Dv=48%

0 -
N o T < T S N N Ut TP S SR o S W S SO G
O&Q Odg O&q Oc,’&b Oc"\\Q O&Q O(,}XQ Oc"\\Q Oc‘}\Q Oé\Q Oc\’@ Oc,’@ O&Q Oe’@ Oé\Q Oé\\ O&\
—— Observed Simulated
Fig. 3. Comparison of observed and WEPP-simulated daily SWE at four SNOTEL sites for the model
calibration (1996-2003) and assessment (2004—-2011) periods. Vertical lines indicate the period of the
replacements of standard temperature sensors with the extended-range temperature sensors at the
SNOTEL sites (Dashed line: July, 2003; Dotted line: May, 2005).

3.2 Streamflow

WEPP simulation results indicated that surface runoff was negligible, and that
simulated streamflow consisted mainly of subsurface lateral flow and baseflow.
Subsurface lateral flow accounted for 50% and 37%, and baseflow amounted to 50%
and 63%, of the total streamflow, in winter and summer, respectively. The simulated
streamflow peaks were composed largely of subsurface lateral flow, and low flows
were contributed primarily by baseflow.

Surface runoff from undisturbed forests is rare due to the presence of groundcover
and organic litter, which protects soil from raindrop impact, and enhances infiltration
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(Elliot, 2013). In mountainous forests, water entering streams is typically subsurface
lateral flow from the soil profile and baseflow from the underlying bedrock (Fiori et
al., 2007; Bachmair and Weiler, 2011).

Comparison of WEPP-simulated and observed daily streamflow for the
calibration period shows an underestimate of the peaks in winter and an overestimate
of the peaks in spring, particularly for water years 1997 and 2002 (Fig. 4a). During
the model assessment period, the streamflow peaks in both winter and spring were
better simulated by WEPP, except for 2006 and 2007 (Fig. 4b).
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Fig. 4. Comparison of observed and simulated hydrograph for (a) model calibration (1996-2003), (b)
assessment (2004—2011) periods.

The comparison of WEPP-simulated and observed winter processes for 1997
suggests that the actual temperature range for rain-snow partition may be lower than
the calibrated, whereas such comparison for 2006 suggests the opposite,
demonstrating the complexity and challenges in calibrating temperature thresholds
for rain-snow partition and modeling snowmelt and accumulation impacted by
microclimate and complex weather patterns.

3.3 Water Balance

Major water balance components for the whole watershed for the calibration and
model assessment periods are presented in Table 4. The mean annual precipitation
during 1996—2011 was 2552 mm. The simulated surface runoff from individual
hillslopes was negligible at less than 0.002% of the total simulated streamflow.
Simulated subsurface lateral flow ranged from 385 mm to 1447 mm, averaging 883
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mm or 44% of annual streamflow over the entire 16-year period. The remainder of
the streamflow was contributed by baseflow.

Annual ET from the watershed varied from 535 mm to 661 mm, averaging 601
mm or 23% of annual precipitation. Whitaker et al. (2003) and Link et al. (2004)
reported simulated ET as 21% of annual precipitation for coniferous trees from
watersheds located 415 km northeast and 405 km south of Cedar River watershed,
respectively. In a study conducted on the east coast of Vancouver Island, British
Columbia (225 km northwest of the Cedar River watershed), Jassal et al. (2009)
measured ET for 58-, 19-, and 7-year-old coniferous forests using the eddy-
covariance technique. Their measured yearly ET values were 27%, 25%, and 18% of
annual precipitation, ranging from 1127 mm to 1913 mm in a 10-year period. The
simulated ET in percent of the annual precipitation in our study is agreeable to the
literature values.

Table 4. Simulated annual water balance for 19962011 water years.

P ET D SW GW qurf"'Qlat Qb Qsee
Year (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) BP0
1996 1887 557 763 7 —61 563 820 4 59
1997 3462 644 1412 27 38 1447 1368 7 49
1998 2088 559 1078 -131 -38 620 1109 6 64
1999 3031 635 1310 -2 30 1198 1274 6 52
2000 2694 619 1136 97 -17 914 1148 6 56
2001 1754 650 841 —94 -8 385 846 4 69
2002 2825 611 1177 -9 24 1140 1147 6 50
2003 2063 535 846 73 =30 666 871 4 57
2004 2643 641 1234 45 111 795 1120 6 58
2005 2089 661 931 30 -105 520 1030 5 66
2006 2430 591 1066 -85 -8 902 1067 5 54
2007 2844 600 1136 —4 5 1145 1126 6 50
2008 2813 590 1239 12 44 1034 1190 6 54
2009 2577 588 1175 —47 -39 882 1208 6 58
2010 2442 574 1194 78 27 627 1163 6 65
2011 3194 564 1413 —-63 -15 1298 1420 7 52
Calibration Avg. 2475 601 1073 22 45 867 1073 5 55
(1996-2003) % of P 24 43 0.90 1.83 35 43 0.22
Assessment Avg. 2629 601 1174 47 -91 900 1165 6 56
(2004-2011) % of P 22 45 1.58 3.50 35 45 0.22
Overall Avg. 2552 601 1122 =27 —47 883 1119 6 57
(1996-2011) % of P 23 44 1.10 1.90 35 44 0.22

P, precipitation, ET, evapotranspiration, D, deep percolation from soil profile, SW and GW, yearly change in soil-
and groundwater, respectively calculated as the last day’s value minus the first day’s, Qgy, Surface runoff, Qi
subsurface lateral flow, Qy,  baseflow, Qge,, deep seepage from groundwater reservoir, and BFI, baseflow index
(baseflow in percent streamflow). The sum of Qgur, Qjat, @nd Qp, forms the total streamflow.

The WEPP-simulated annual baseflow varied from 820 mm to 1420 mm and
formed the largest water balance component, accounting for 44% of the precipitation
and 56% of streamflow yearly on average. This result is similar to that from a down-

scaling analysis for our watershed of the comprehensive study by Santhi et al. (2008)
using the USGS smoothed-minima method.

The NSE for streamflow for the calibration period ranged from 0.31 to 0.79
averaging 0.54, and D, varied from —3 to 18% averaging 4%. The low value of NSE
(0.31) in 1997 was reflective of WEPP’s inadequacy in simulating winter streamflow
peaks due to the overprediction of snow accumulation as previously discussed. For
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the model assessment, NSE varied between —0.04 and 0.65 with an average of 0.43,
and D, from —3 to 7% with an average of 1%. The low NSE in 2005, 2006, and 2009
resulted from incorrect representation of the snow accumulation and melt processes.
The positive values of D, for both model calibration and assessment suggest that
WEPP underpredicted the streamflow for the study watershed.

3.4 Groundwater Baseflow

The estimated initial groundwater storage was 85 mm, and varied daily from 13
mm to 340 mm, indicating yearlong groundwater flow to the stream. The simulated
groundwater storage generally peaked during the snowmelt season of May—June, and
declined to minimum by the end of the dry season in September—October.

The estimated k, value of 1.99x10 % d™' suggests an average residence time for
the baseflow was 50 days. The positive k; value of 1.0x10* d"' indicates a downward
movement of water from the upper to the lower aquifer. The baseflow and deep
seepage simulated using the linear-reservoir model followed the trend of groundwater
storage with baseflow varying from 0.3 mm to 6.8 mm per day, and daily deep
seepage from 0 to 0.03 mm, over the simulation period.

For the study area, no information about well sites and measurements of
groundwater levels were available to independently verify the groundwater storage
and baseflow coefficients. Safeeq et al. (2013) estimated a mean k,, value of 4.0x10 >
d™' for groundwater-dominated, slow-draining watersheds receiving mixed rain and
snow in the western US by relating the dynamics of snowpack and groundwater using
daily streamflow data. In another study, Sanchez-Murillo et al. (2014) examined 26
watersheds that varied in size from 6 km? to 6,500 km? in the western US, and
determined k, as ranging from 0.02 d™' for granitic watersheds to 0.08 d”' for basalt
and loess watersheds. For a small granitic watershed in the Priest River Experimental
Forest in northern Idaho, Srivastava et al. (2013) estimated k;, and k; to be 0.016 d™'
and 2.6x10™* d”', respectively. The baseflow coefficients obtained in this study for
the Cedar River watershed fall into the ranges reported in the literature.

4. SUMMARY AND CONCLUSIONS

Potential improvements to WEPP’s groundwater hydrology and winter processes
were evaluated on the mountainous Upper Cedar River watershed (105 km?) in the
US Pacific Northwest. The baseflow component, based on a linear-reservoir
approach, was incorporated into the WEPP model for estimating groundwater
contribution to streamflow. A double threshold temperature approach for rain-snow
partition was implemented in WEPP to better simulate the snow accumulation and
melt processes.

WEPP was calibrated using observed streamflow data for 1996-2003, and the
model performance was evaluated for 2004-2011. The calibrated parameters included
the threshold temperatures for rain-snow partition, Penman-Monteith mid-season
crop coefficient, soil anisotropy ratio, and saturated hydraulic conductivity of the
restrictive layer below the soil profile

Simulated annual water balance suggested that, on average, subsurface lateral
flow and baseflow contribution to streamflow were 44% and 56%, respectively. The
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estimated baseflow and deep seepage coefficients were 1.99x10 % d' and 1.0x10™*
d™!, respectively. An overall NSE of 0.48 and D, of 3% demonstrate the applicability
of the WEPP model to large watersheds dominated by groundwater baseflow.

The observed annual streamflow averaged 2062 mm for 1996-2011, while the
simulated was 2003 mm. The small underprediction of streamflow may have been
due to a slight overprediction of ET. Further research is needed to evaluate vegetation
coefficients in the Penman-Monteith method and ET amounts for trees of different
species and ages in forest watersheds receiving high precipitation.

The amount and timing of snow accumulation and melt are highly dependent on
climatic conditions. Following replacement of the SNOTEL air temperature
thermistors, simulated SWE was underpredicted by the model. Independent studies
have confirmed that these new extended range thermistors may read 1-2°C warmer
than the older sensors Were complete, field-measured climatic data available, it
would likely help to improve hydrologic modeling.
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