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EXECUTIVE SUMMARY

Results from models run at different scales, from the regional down to the hill slope scale, are
dependent on the process parameterizations and calibrations of the physics being represented.
This project compared the application of two models that could be used for climate change
predictions of snowmelt, a physically-based gridded snowmelt model and a coarse lumped
parameter model, over the Boise River basin. The results showed that, while the calibrated
parameter model could estimate the streamflow volumes at a yearly and monthly time scale,
the volume of water stored in the snowpack was underestimated. Whereas, the physically-
based snow model could accurately estimate the snowpack accumulation and ablation when
compared to the in-situ measurement sites. When addressing climate change impacts on the
prediction of snow distribution and melt patterns, the U.S. Department of Agriculture,
Agricultural Research Service (USDA ARS) recommends using physically-based models that
have limited calibration and represent the underlying physical processes of the hydrologic
system. While lumped parameter models can be quickly developed, robust calibration must
be performed to ensure that the resulting parameters represent the physical processes of the
system. If the parameters are not representative, then the climate change predictions will have
a high level of uncertainty.
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PROJECT SUMMARY

The project aimed to answer two research questions:
1. How do differences in scale between models affect the underlying physical processes?
2. What is the future implication of climate change on streamflow?

Snow hydrologists have been working towards the coupling of a physically-based snowmelt
model, iSnobal, with a subsurface hydrology model to estimate streamflow. We were not able
to perform a full coupling as the first model chosen was a complicated physically-based
hydrology model that was extremely difficult to calibrate in the Boise River basin due to the
lack of data to parameterize the model. Therefore, a simpler hydrology model was chosen for
easier parameterization that uses hydrologic response units (HRU) to represent the hydrologic
system, though the coupling has not yet been performed. However, this is an area of extreme
interest for ARS and will be addressed in a future project with the U.S. Bureau of
Reclamation (Reclamation) in Sacramento (TBD).

STUDY AREA

The Boise River basin, defined in this study as the watershed above Lucky Peak Dam, is
located just to the east of Boise, Idaho and encompasses roughly 7,000 square-kilometers
(km?) (Figure 1). The majority of the Boise River basin is within the rain-snow transition
zone with elevation ranging from 858 meters (m) near the outlet to 3,187 m at its highest
point. The basin has a multitude of land covers, comprised of forest (43%), shrub land (35%),
herbaceous (21%), and other land covers (1%) based on analysis of the National Land Cover
Database (Homer et al. 2015). The majority of winter precipitation occurs as snow, with
average annual precipitation of 500 millimeters (mm) at lower elevations and 1,500 mm at
higher elevations. The Boise River basin was divided up into 87 HRUs based on the
subbasins and tributaries to the three major forks of the Boise River.

Within the Boise River basin, the U.S. Bureau of Reclamation (Reclamation) operates the
Anderson, Arrowrock, and Lucky Peak reservoirs (U.S. Army Corps of Engineers’ project) as
a system to manage reservoir levels for flood control and water supply while also controlling
flow levels to sustain fish populations and recreational uses. To provide irrigators water
throughout the summer growing season, Reclamation water managers need accurate
knowledge of the snowpack water volume and potential runoff generation in order to make
the necessary management decisions. However, recently downscaled climate modeling in the
Pacific Northwest has shown a shift to decreased snowpack accumulation, transition to rain,
earlier runoff, and increased water demand associated with prolonged irrigation seasons
(Brekke, Kuepper, and VVaddy 2010). In the Pacific Northwest, Reclamation has an extensive




reservoir network ranging from snow dominated at higher elevations to rain dominated at
lower elevations, but most are somewhere in between. Since most of the reservoirs are in that
transitional zone, runoff can be from either rain, or snow with a high degree of variability
from basin-to-basin and year-to-year.

There are 61 hourly meteorological stations in and around the basin used for iSnobal
modeling, 14 Natural Resources Conservation Service (NRCS) SNOTEL stations used for the
Precipitation-Runoff Modeling System (PRMS) modeling, 3 stream gauges, and the reservoir
inflow at Lucky Peak Dam (Figure 1). The 14 NRCS SNOTEL stations provide precipitation,
air temperature, and snow water equivalent with 3 sites measuring solar radiation and 5 sites
measuring relative humidity. The other eight stations are from the Mesowest network (Horel
et al. 2002) and are owned by Reclamation, Bureau of Land Management, the Sawtooth
Avalanche Center, Idaho Transportation Department, and other small agencies. Mesowest
instrumentation is site-dependent. These stations measure a combination precipitation, air
temperature, relative humidity, solar radiation, and wind.
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Figure 1. The Boise River basin with subbasins Mores Creek, Twin Springs, and Featherville
(from left to right). The subbasins are further divided into HRUs to represent the hydrologic
modeling components. NRCS SNOTEL stations, Mesowest stations, stream gauges, and
reservoir inflows are shown.




MODEL DESCRIPTIONS

The project investigated three different models that have a range of model complexity and
physics representing the underlying snow and hydrologic processes. Major differences
between the models are the methods for dividing the modeling domain. The two physically-
based models are grid based with the lumped parameter model dividing the domain into
HRUSs. The differences in model discretization and scale must be accounted for when
performing a model coupling or comparing two models.

iSnobal

The physically-based, distributed snowmelt model, iSnobal (Marks et al. 1999), is a grid-
based energy and mass balance model run over a digital elevation model (DEM). iSnobal
simulates the snowpack as two layers, with the active surface layer exchanging energy with
the atmosphere and the lower layer transferring energy between the snow surface layer and
soil. The snow temperature, density, and liquid water content are calculated for each layer.
iSnobal forcing data inputs are raster surfaces of incoming thermal (long-wave) radiation, air
temperature, vapor pressure, wind speed, soil temperature, and net solar radiation in addition
to the precipitation mass, temperature, phase, and percent snow. Given the forcing data, the
energy balance, snow temperature, depth, mass, and cold content are computed for each grid
cell. Melt cannot occur until the temperature of the snow cover is at zero degrees Celsius, at
which point the cold content equals zero. Liquid water drainage from the snow does not
occur until the liquid water holding capacity of the snow is exceeded.

Numerous research studies have applied iSnobal in various mountain settings across the
United States, Canada, and Europe. These studies have recreated the snowpack for past years
using carefully crafted meteorological data and compare favorably with snow surveys,
pillows, and other measurements. An early test demonstrating the potential of iSnobal for
operational river basin applications was conducted retroactively for a single month during
melt (April, 1990) (Garen and Marks 1996) and then for three snow seasons (1998 to 2000) in
the Twin Springs subbasin (2,150 km?) of the Boise River (Garen and Marks 2005). The past
4 years (water years 2013 to 2016), USDA ARS ran iSnobal in near real time and distributed
weekly model results to Reclamation and other interested agencies. The projects (Havens et
al. 2015; Havens, Marks, and Rothwell 2016) showed that a physically-based, distributed
snowmelt model could be run operationally over a large area and provide meaningful results
to operational water managers to qualitatively aid in their decision-making process.

Distributed Hydrology Soil Vegetation Model

The Distributed Hydrology Soil Vegetation Model (DHSVM) (Wigmosta, Vail, and
Lettenmaier 1994) provides a spatial representation of physical watershed processes over a
DEM. DHSVM is a complete hydrologic model, accounting for atmosphere-surface mass and




energy exchanges, like interception and evapotranspiration, over a gridded surface. DHSVM
tracks water from precipitation inputs, through the vegetation canopy, and into the soil where
water is routed vertically and laterally to the stream network.

In the Science and Technology (S&T) report 2264, the overland, subsurface, and stream
routing schemes as well as the non-snow-covered surface evaporation scheme were decoupled
from DHSVM and loosely coupled to iSnobal. The routing modules of DHSVM were used to
take iSnobal surface water inputs and route the water to the stream network and simulate
streamflows. The project was successful in simulating streamflows but required more
calibration over a longer time period. Due to the complex nature of the physical processes of
subsurface flow, evaporation, and water routing, many of the physical processes required
significant parameterization. The parameterization of DHSVM is possible in research study
basins were significant resources have surveyed the soil and vegetation in great detail, but
estimating parameters in non-research basins prove to be difficult due to the limited soil and
vegetation surveys required to estimate al the required inputs to DHSVM. This was a main
reason that we have moved to a simpler hydrologic model where parameters can be estimated
using publically-available resources and knowledge of soil and vegetation within a basin.

Precipitation-Runoff Modeling System

The PRMS (Leavesley et al. 1983; Markstrom et al. 2015) is a distributed-parameter,
physical-process hydrologic model that uses HRUSs to represent larger areas of similar
hydrologic processes. PRMS models the full hydrologic processes with canopy interceptions,
evaporation, transpiration, stream routing, subsurface flow, and groundwater flow.
Conceptually, each PRMS module performs a mass balance to route water from precipitation
through the various model components, before generating streamflow. The model inputs are
simple compared to the physically-based models above, requiring at a minimum daily
precipitation and minimum and maximum air temperature. If data is available, solar radiation
and evaporation can also be used as inputs to PRMS.

The project has moved to using PRMS instead of DHSVM for two main reasons. First, as
stated above, the parameterization of PRMS does not require significant soil and vegetation
surveys, but can be initially estimated from publically available datasets before calibration.
Secondly, the California Department of Water Resources (DWR) and the NRCS have
invested significant resources into getting PRMS into their daily operations and water supply
forecasts.




METHODS

iSnobal

iSnobal was ran for water years 2013 to 2016, the same years for the S&T 2264 real time
runs. However, more meteorological sites were utilized than the past real time runs and
different methods were used to distribute the point measurement data over the DEM. A total
of 61 measurement sites in and around the Boise River basin were utilized over the 4-year
period (Figure 1). From the point measurements, the required forcing data was generated
using the Spatial Modeling for Resources Framework (SMRF) (Havens et al. InReview)
which was developed by USDA ARS. SMREF allows for simple and efficient distributed
forcing data development for all the required inputs for iSnobal.

The required forcing data for iSnobal are air temperature, vapor pressure, precipitation,
longwave radiation, shortwave radiation, and wind speed. The distributed forcing data for
each year was generated with SMRF before running iSnobal at a 100-meter spatial and hourly
temporal resolution. The iSnobal results had to be aggregated up to the HRU scale for
comparison with PRMS. Each HRU had an associated mask that allowed aggregation of the
iSnobal gridded results to the HRU scale. Within the HRU mask, model statistics were
calculated like the mean, standard deviation, quantiles, and maximum values for snow water
equivalent (SWE), snow water input (SW1), and fractional snow cover area.

PRMS

PRMS requires, at a minimum, daily precipitation, minimum and maximum daily air
temperature. The daily point measurement data was gathered from 14 SNOTEL stations
(Figure 1) from water year 1990 to 2016 and was distributed to the 100-meter iSnobal DEM
using SMRF. For each HRU, the median air temperature and the mean precipitation were
calculated. This provided the input required for PRMS using the climate_hru module.

The initial parameters for the HRUs were derived from two main datasets. The soils
parameters were estimated using the SSGURO Database, maintained by the Soil Survey staff
at NRCS (NRCS 2106). The vegetation parameters were initially estimated using the
Landfire dataset for vegetation type, height, and cover (LANDFIRE 2016).

Calibration of PRMS was performed for the three stream gauge locations and the calculated
reservoir inflow at Lucky Peak for the entire period of record. The objective of the calibration
was to correctly simulate yearly and monthly water volumes, as this is an important aspect for
reservoir water management operations. The daily runoff is important for flood forecasting,
but the large HRUs would not provide adequate spatial resolution for these physical
processes. To fully capture potential rain-on-snow events, HRUs would need to be smaller
with emphasis placed on capturing different elevation bands.




The calibration procedures took multiple steps, first calibrating the monthly solar,
evaporation, and transpiration parameters (Hay et al. 2006) using the program LUCA (Hay
and Umemoto 2006). The second step calibrated the yearly water volumes to ensure that the
water balance was estimated correctly by changing the parameters that affect
evapotranspiration and ground water losses. The last step calibrated parameters controlling
the monthly water volume. All parameters (Table 1), except for step one, were manually
calibrated with further automatic calibration performed at a later time.

Table 1.  Calibration procedure. Step 1 calibrated to estimated monthly solar and potential
evapotranspiration (PET) estimates. Step 2 and 3 were manually calibrated to year and
monthly water volumes.

Step Measurements Parameters

1 Solar and PET dday_slope, dday_intcpt, jh_coef

2 Yearly water volume gwsink_coef, jh_coef _hru, soil_moist_max
3 Monthly water volume gwflow_coef, soil2gw_max, ssr2gw_rate,

sat_threshold, slowceof _lin, slowcoef_sq,
tmax_cbh_adj, tmin_cbh_adj

RESULTS

PRMS Calibration

The calibration of PRMS to yearly water volume showed a good fit with R2 values between
0.941 and 0.962 and a Nash-Sutcliffe Efficiency (NSE) (Nash and Sutcliffe 1970) between
0.923 and 0.962 (Figure 2). The calibrated parameters showed that there were significant
groundwater losses that needed to be accounted for in order to correctly estimate the water
balance. This assumption of groundwater losses is in alignment with the known geology of
the area where fractured, weathered bedrock, and deep thermal hot springs are prevalent.

The calibration to the monthly water volumes was an iterative process to ensure that the
simulated baseflow, hydrograph regression, and early spring snowmelt peaks aligned with
measured volumes. The timing of monthly snowmelt controlled the performance of the
model with R2 values between 0.834 and 0.904 and NSE between 0.842 and 0.891. Mores
Creek had the lowest values (Figure 2) potentially due to the lower elevation that places the
basin in the rain-snow transition zone and the summer water rights allocations.
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Figure 2. Calibrated and measured yearly water volume, monthly water volume, and daily runoff for a) Lucky Peak, b) Mores Creek, c)
Twin Springs, and d) Featherville.




SWE Comparison

Evaluation of spatially distributed models can prove problematic, as there are limited spatial
measurements of SWE. Point measurements are available through the SNOTEL network but
a scale discrepancy exists from the 7 m? snow pillow, to the 100 m by 100 m iSnobal grid
cell, to the HRU scale. However, SNOTEL measurements provide a baseline to compare
trends in the snow accumulation and melt period. With the size of the PRMS HRUs we
expected the snowpack to be underestimated when compared to a SNOTEL measurement due
to the larger area that can contain a large elevation range, aspects, and vegetation types. As
compared with the SWE measurements, PRMS underestimated the SWE at all the
measurement sites with general trend captured due to large storms (Figure 3 and Figure 4).
HRUs that proved problematic, like Bogus Basin and Mores Creek (Figure 3b and d), are
HRUSs that are in the rain-snow transition zone and further calibration may be necessary to
correctly identify the precipitation phase.

The iSnobal modeled SWE at the SNOTEL locations match well with the measurements for
all years (Figure 3 and Figure 4). The differences could be attributed to local topography
within the iSnobal domain that accumulates or ablates at a slightly different rate than the
SNOTEL location. Within the HRU, the spatial variability becomes apparent with the inter
quantile range (IQR) showing a large spread in SWE due to elevational differences and hill
slope scale changes in slope and aspect. Looking at a single day of SWE from each model
shows the differences in how each model calculates the spatial variability and how the model
represents the snowpack over the terrain (Figure 5).




Hilaiia Surmnet - HRL 53

Bagis_ Bhsin - HRUEB

Apr Pt er 1% A s e A ST fc1 38ak

A Sl
g HEL maywidm! S

L

el HPEL) T LR Py [p—
dackson Pask - HEL L4

Ape 2013

Apr 2314 Ok 004 Ape 2AUS Ot s e ININ
— A aul iHL Srobal Srowl

IS AL QS iSrcbal Soowl Fange

|
O LA

a:':;m'. 01 HAE Apr MG
Figure 3.

SWE comparison for Atlanta Summit, Bogus Basin, Jackson Peak, and Mores Creek. Black line is SNOTEL measurement,
blue is PRMS, red is 10 iSnobal pixels around the measurement, and green is iSnobal median and IQR within the HRU.
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iSnobal SWE on 2016-03-15 s

Figure 5. iSnobal and PRMS estimated SWE on March 15, 2016 highlighting the differences in
the spatial variability and scale between the two models.

DI1SCUSSION

The first research question of this project was how model scale affects the underlying physical
snow and hydrological processes. iSnobal is a high resolution, gridded physically-based
model and PRMS is a process-based model that represents the model domain as HRUs. The
snowpack in the Boise River basin is a significant component of the hydrologic cycle where
winter accumulation and spring snowmelt drive when water is delivered to the system.
Comparing SWE estimates from iSnobal and PRMS to point measurement shows that PRMS
could not accurately reproduce SWE within those HRUs due to the large elevation range and
varying topography. The large HRUs were not able to capture the physical processes that
were either not represented in the model or occurred at a finer scale than the HRU size. For
example, the coarse HRU size cannot capture the physical processes at the hill slope scale or
those processes that are elevation dependent.

The manual calibration performed extremely well for yearly and monthly water volumes. A
more rigorous calibration of all the other parameters may improve the model results but may
still lack the physical representation due to the large HRUSs. It is possible to run PRMS with
smaller HRUs that capture the elevation and topography, but this comes at a cost of
significantly increasing the number of parameters that must be calibrated. For example,
tmax_cbh_adj must be calibrated for each HRU, for each month of the year. Currently, there
are 1,032 elements to this parameter and increasing the number of HRUs by 4r would increase
the number of parameters to 4,128. The increase in parameters further makes the calibration
an over-determined problem, increasing the potential for finding a local minimum instead of
the global minimum.
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Addressing climate change implications requires using models that are robust to climate
change. This means using physically-based models that calculate the full energy balance
instead of those that parameterize or use empirical functions in lieu of energy balance
calculations. Even with robust calibration, for example bootstrap, jack-knife, or leave-on-out
techniques, there is a high potential for PRMS to reach a solution but for the wrong reasons.
In a future climate change scenario, the model does not accurately represent the physical
processes of the basin and will provide a solution that is not accurate.

For future climate change scenarios in snow-dominated basins, models must explicitly
calculate the processes that play a major role in snowmelt, like the turbulent transfer of
sensible and latent heat. As the climate warms, the rain-snow transition zone will continually
rise in elevation, which increases the potential for rain-on-snow events at the lower edge of
the snow zone (Kattelmann 1997; Tohver, Hamlet, and Se-Yeun 2014). PRMS does not
explicitly calculate the energy balance for rain-on-snow events as iSnobal does, indicating
that future predications with PRMS will have high uncertainty during such events. Because
of how PRMS model represents the snowpack and precipitation phase, the model was unable
to capture the large 1997 rain-on-snow flooding event in the Boise River basin. The snow
calculations in the course scale models like PRMS must be improved by incorporating the
physical processes that govern the energy and mass changes.

The results of the SWE comparison and S&T 2264 and 2157 show the potential to use
iSnobal as an operational tool and how iSnobal can also address potential climate change
scenarios. Since iSnobal explicitly calculates the snowcover mass and energy balance, the
model is robust to climate variation and change and would be able to answer questions about
how a warmer climate would affect the snow accumulation and melt for reservoir operations.

CONCLUSIONS

The coupling of iSnobal and PRMS is an area of active development and this project gave
ARS the necessary foundation to move forward. By working with both DHSVM and PRMS,
we have found that full physically-based hydrology models may not be feasible due to the
significant number of physical parameters required. On the other hand, overly simplistic
models like PRMS that only represent approximations, will result in the process requiring
additional physics to accurately represent the snowpack energetics. Even with robust
calibration of these simplistic, parameterized models, the robustness of PRMS to climate
change will rely solely on the estimates of the mass and energy balance, which may not hold
true under a changing climate. Therefore, over the next couple of years, ARS will be working
with Reclamation, National Aeronautics and Space Administration — Jet Propulsion
Laboratory, NRCS, and California DWR to couple iSnobal to the water routing components
of PRMS, which will provide a new tool to lower the uncertainty for real time operational use,
but also address how a change in the rain-snow transition elevation, and an expected increase
in rain-on-snow events may affect the management decisions under a changing climate.
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