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Abstract

The ability to simulate snow accumulation and melting processes is
fundamental to developing real-time hydrological models in watersheds
with a snowmelt-dominated flow regime. A primary source of uncertainty
with this model development approach is the subjectivity related to which
historical periods to use and how to combine parameters from multiple
calibration events. The Hydrologic Engineering Center, Hydrological
Modeling System, has recently implemented a hybrid temperature index
(TT) snow module that has not been extensively tested. This study evaluates
a radiatative temperature index (RTI) model’s performance relative to the
traditional air TI model. The TI model for Willow Creek performed
reasonably well in both the calibration and validation years. The results of
the RTI calibration and validation simulations resulted in additional
questions related to how best to parameterize this snow model. An RTI
parameter sensitivity analysis indicates that the choice of calibration years
will have a substantial impact on the parameters and thus the streamflow
results. Based on the analysis completed in this study, further refinement
and verification of the RTI model calculations are required before an
objective comparison with the TT model can be completed.

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes.
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products.
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to
be construed as an official Department of the Army position unless so designated by other authorized documents.

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR.
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Introduction

Background

The ability to simulate snow accumulation and melting processes is
fundamental to developing real-time hydrological models in watersheds
with a snowmelt-dominated flow regime. Models developed to meet this
capability can generally be divided into two categories: (1) energy balance
models that directly calculate heat fluxes from a solar radiation budget and
(2) temperature index (TT) models that use thermal gradients to
approximate heat fluxes at the snow-air interface. TI models are more
widely used than energy balance models (e.g., Anderson 2006; Debele et
al. 2009) because the data required to develop and calibrate energy
balance models are not commonly collected at weather stations. Hock et
al. (2003) found TI models forced by air temperature perform well in
watersheds with high relief, where snow accumulation is positively
correlated with elevation. The successful application of air temperature
forced TT models for snow modeling is because air temperature is highly
correlated with longwave radiation and sensible heat fluxes (Ohmura
2001). Air temperature forced TI models are, however, limited by their
ability to simulate melt when the air temperature is close to freezing. To
overcome this limitation, TI models can be parameterized to compensate
for low gradient melting events. In addition, hybrid models that
incorporate some aspects of the energy balance in the temperature index
formulation have been developed.

Hydrologic models are typically calibrated to historical records of observed
snow and streamflow using sets of model parameters (hereafter termed
parameterization). A primary source of uncertainty with this model
development approach is the subjectivity related to which historical
periods to use and how to combine parameters from multiple calibration
events. This process of parameter estimation can introduce additional
uncertainty into results. In recent years, TI models have been developed
using a radiation-based temperature metric (Follum et al. 2015).
Conceptually, radiation temperature forced TI models will have fewer
parameters than air temperature forced models because the internal
calculations are more representative of the amount of energy available to
melt snow. A complexity associated radiative temperature forced TI
models is the requirement for high-resolution spatiotemporal
meteorological datasets. These types of datasets have been developed for
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some time (e.g., 2010 — present) for aviation purposes but have not been
used extensively in hydrologic modeling because early datasets were not
historically archived.

The Hydrologic Engineering Center, Hydrological Modeling System (HEC-
HMS), has recently implemented a hybrid temperature index snow module
that has not been extensively tested. The Cold Regions Research and
Engineering Laboratory has been tasked with evaluating the new module’s
performance relative to the traditional air temperature index model. In this
report, we refer to the radiation temperature forced TI model using the
abbreviation for radiative temperature index, RTIL. Air temperature forced
TI models will be referred as TI. A comparison between the widely used TI
and new RTI models is presented in this report.

Objective

The primary objective of this study is to evaluate a newly implemented RTI
model in HEC-HMS. The objectives of this study are the following:

» Apply the current RTT implementation in HEC-HMS to the Willow
Creek watershed and compare it to the results of a TI model

» Provide recommendations for model improvements and data sources

» Perform sensitivity analysis of RTI parameters

» Discuss the potential application of the current RTI implementation for
operational use at US Army Corps of Engineers (USACE) district
offices.

Approach

Our approach to evaluating the RTI and TT snow models in HMS to Willow
Creek involved calibrating the models to water years (WYs) 2016 and 2017.
The calibration parameters for each model were used to determine a
representative set of parameters to simulate WYs 2018—2020. The
performance of each model was compared for the calibration and
validation periods. The quantification of the performance was based on the
Nash-Sutcliffe efficiency (NSE), root mean square error (RMSE), percent
bias, of the peak snow water equivalent (SWE) magnitude and timing. The
results of both models were compared, and differences were investigated
and discussed.
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2 Study Basin

Willow Creek is a 637 mi2™* tributary to the Snake River located within
southeastern Idaho (Figure 1). Ririe Dam (USACE 1966) and Reservoir
provide both water supply and flood risk reduction for the Snake River
valley. The study basin can be further divided into three subbasins. Water
accumulates from Grays Lake and Ririe Upstream to Ririe Reservoir in the
Ririe subbasin. The elevation distribution of each subbasin is generally flat
(Figure 2), with a predominant National Landcover Classification
Database (NLCD) classification of shrub/scrub (Figure 3). There are two
Snow Telemetry (SNOTEL) sites within the vicinity of Willow Creek that
are located in areas with NLCD classifications of evergreen forest.

Figure 1. Willow Creek subbasin delineation and location map.
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* For a full list of the spelled-out forms of the units of measure used in this document, please refer to US
Government Publishing Office Style Manual, 31st ed. (Washington, DC: US Government Publishing

Office 2016), 248-52, https'//www govinfo gov/content/pkg/GPO-STYL EMANUAL-2016/pdf/GPO-
STYLEMANUAL-2016 . pdf.

T For a full list of the unit conversions used in this document, please refer to US Government Publishing
Office Style Manual, 31st ed. (Washington, DC: US Government Publishing Office 2016), 345-7,
https://www govinfo gov/content/pkg/GPO-STYL EMANUAL-2016/pdf/GPO-STYL EMANUAL-2016 pdf.
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Figure 2. Subbasin hypsometric curves for Willow Creek calculated from the National

Elevation Dataset (Gesch et al. 2018).
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Figure 3. NLCD 2016 land classifications for Willow Creek watershed.
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The climate of Willow Creek is characterized by hot and dry summers
followed by cold winters (Giovando et al. 2020). The largest precipitation
events are attributed to atmospheric rivers that transport water vapor
from the Pacific Ocean. The predominant flood mechanisms in Willow
Creek watershed are dominated by snowmelt runoff in mid to late spring.
Large winter events can also occur when atmospheric rivers (e.g.,
Dettinger 2013) combine with frozen ground to produce enhanced runoff
(Thomas and Lamke 1962).
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3.1

Data Sources

Precipitation and temperature data are the primary forcing variables for
temperature index-based snowmelt hydrologic models. The RTI and T1
models use precipitation and air temperature data to determine the
phase of precipitation inputs (i.e., snow, rain, or a mixture). Air
temperature is also used to approximate the internal temperature of a
snowpack in both models. The TT model used the air temperature data to
quantify melting at the snow-air surface while the RTI uses air
temperature data in the formulation of the radiative temperature metric.
The resulting radiative temperatures are used to simulate melting at the
snow-air interface in the RTI model. In this study, we developed a 1 hr
georeferenced Hydrological Modeling System (HMS) model for WYs
2016 to 2020 using temperature data from the Real-Time Mesoscale
Analysis (RTMA) and precipitation data from the Multi Radar Multi-
Sensor (MRMS). The University of Arizona (UA) daily SWE grids were
used to calibrate and validate the HMS model runs.

Temperature data

RTMA is a high spatial and temporal resolution dataset produced by the
National Oceanic and Atmospheric Administration (NOAA)/National
Centers for Environmental Prediction to support real-time operational
hydrological forecasting (De Pondeca et al. 2011). The dataset consists of
hourly 2.5 km grids of near-surface meteorological variables that have
been assimilated from ground-based stations and satellite data. In this
study, we used hourly temperature data for WYs 2016—2020 (Figure 4).
The data are available operationally for the previous 10 days directly from
NOAA, but the majority of the data has been archived by the Iowa State
Environmental Mesonet servers (Mesonet 2020).
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Figure 4. Hourly average RTMA air temperature time series for Willow Creek watershed.
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MRMS is an hourly dataset that integrates data from multiple radar
systems, satellite, and forecast models into a 1 km gridded image (Zhang
et al. 2016). The quality of the radar in the vicinity of Willow Creek is
dependent on radar beam blockage by complex terrain, vertical
resolution in radar beam geometry, and low-level cloud structures. In
this study, we used the gage-corrected quantitative precipitation estimate
(QPE) product for the precipitation forcing data (Figure 5). The native
horizontal and vertical resolution of the QPE grids is 1 km and 1.1 km,
respectively. The data were downloaded from the Iowa State Mesonet
servers (Mesonet 2020).

Figure 5. Cumulative precipitation curves for WYs 2015-2020 averaged over the
Willow Creek watershed.
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The MRMS QPE grids were converted to basin-averaged values to
determine if the MRMS provides realistic precipitation estimates across
the Willow Creek watershed (Figure 6). The basin-averaged cumulative
precipitation depths curves show, surprisingly, that the higher-elevation
basins have less cumulative precipitation throughout the year than the
lower-elevation basins. Giovando et al. (2020) examined the historical
record of precipitation in the vicinity of Willow Creek and found the
opposite trend where cumulative precipitation depths increased with
elevation.

Figure 6. Subbasin averaged cumulative precipitation for WY 2016.
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The trend of more precipitation at lower elevations persisted across the
entire time series and is most likely attributed to the gauge corrections
applied to the dataset (Figure 7). The MRMS QPE dataset used in our
study corrects the radar with real-time observations from the
Hydrometeorological Automated Data System (HADS). For our study
area, the HADS data are exclusively in the lower elevation areas near the
Snake River valley. Therefore, when the corrections are applied to the
radar image using an inverse distance weighting with fixed parameters (De
Pondeca et al. 2011), most of the correction is applied to pixels near the
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Ririe subbasin. Figure 7 shows that the magnitude of the gauge correction
artifacts varies through time but significantly influences the quality of the
product in Willow Creek.

Figure 7. Cumulative precipitation depth maps showing the gauge correction artifacts
in the MRMS gauge corrected QPE grids in Willow Creek. The blue areas indicate
anomalously high precipitation.

- b

(] witow creex

Willow Creek
WY19 D
WY 17
Inches
High : 190.994 Inches
. - High: 155.538
- Low: 22.2008 [ Low - 25.1898

To address this issue with the precipitation data, the raw MRMS gauge
corrected QPE time series was normalized using the daily precipitation
grids from Parameter-elevation Regressions on Independence slopes
model (PRISM) (Daly et al. 2008; PRISM 2020). PRISM uses a local
climate-elevation relationship and observation data to create a 4 km
gridded product that has demonstrated accuracy in complex topography.
The raw MRMS data were normalized to the PRISM data using a 7-day
accumulation period (Figure 8). The normalization procedure has the
largest effect in the Ririe subbasin but results in a trend of increasing
precipitation depth with elevation that agrees with Giovando et al. (2020)
precipitation and SWE analyses of Willow Creek. Hereafter, MRMS data
normalized to PRISM is denoted as MRMS.
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Figure 8. Normalized MRMS subbasin averaged cumulative precipitation depths
for WY 2016.
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3.3 SWE

The UA produces a daily 4 km gridded dataset of SWE (Zeng et al. 2018
that is developed using ground SWE observations from SNOTEL and
Cooperative Observer Network weather stations and daily precipitation
from PRISM. Giovando et al. (2020) analyzed SWE trends in Willow
Creek and found the UA dataset to produce more realistic SWE
distributions than the Snow Data Assimilation System. The UA SWE data
have been published for WYs 2015—2017 and were downloaded from the
National Snow and Ice Data Center (Broxton 2019). Unpublished UA
data for WYs 2018-2020 were downloaded directly from the UA servers
(Broxton 2020). Figure 9 shows the subbasin averaged SWE time series
for WY 2016—2020.
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Figure 9. UA SWE subbasin averaged time series.
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3.4 Data processing

All of the spatial data were post-processed to create a 2 km georeferenced
model on a standard hydrologic grid projection (SR-ORG:6703). The time
series of gridded weather variables was converted to HEC Data Storage
System (DSS) format using the “Vortex” utility (Brauer and Van 2020). All
geoprocessing tools encoded within Vortex are built upon Geospatial Data

Abstraction Library processing utilities (GDAL 2021). The Vortex

Normalizer utility performs a cell-by-cell scaling MRMS data to coincident
PRISM data. The HMS modeling domain used in this study is described in

Table 1.

Table 1. HMS model geographic information system (GIS) metadata.

HMS Model GIS Metadata

Lower Left CellX -640
Lower Left CellY 1156
Number of CellsX 24
Number of CellsY 41

Cell Size 2000
Projection Datum NAD83
Projection Units meters
First Standard Parallel 295
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HMS Model GIS Metadata

Second Standard Parallel 455
Central Meridian 96.0
Latitude of Projection Origin 230
False Easting 0.0
False Northing 0.0
XCoord of Grid Cell Zero 0.0
YCoord of Grid Cell Zero 0.0

PROJ.4

+proj=aea +lat_1=29.5 +lat_2=455
+lat_0=37.5 +lon_0=-96 +x_0=0
+y_0=0 +ellps=GRS80 +datum=NADS83
+units=m no_defs
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Hydrological Modeling System (HMS)
Model Modifications

The HMS model used in this study was originally developed by the
USACE, Walla Walla District. The HMS model was converted from a
basin-averaged lumped process to a fully distributed, gridded model using
a 30 m digital elevation model (DEM) from the National Elevation Dataset
(Gesch et al. 2018) using HEC-HMS version 4.7 (Figure 10). The Grays
Lake subbasin is included in the model for snowmelt modeling but was not
considered for runoff comparisons because it includes an intra-basin
diversion and generally does not provide any runoff contributions to Ririe
Reservoir during floods.

Figure 10. HMS basin model for Willow Creek.

The terrain data were also used to calculate topographic shading, which is
a derivative DEM product that relates the slope and aspect of neighboring
cells. The topographic shading information is required to estimate solar
radiation components at the ground surface for the RTI model. These
topographic preprocessing calculations were calculated in HMS version
4.7 and took approximately 7 hours on a laptop.
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Temperature Index (Tl) Model

The TI snowmelt model in HEC-HMS estimates the following snowpack
properties at each time-step: SWE accumulated in the snowpack; the
snowpack temperature (actually, the snowpack cold content, but this is
proxy snowpack energy); snowmelt (when appropriate); the liquid water
content of the snowpack; and finally, the runoff at the base of the
snowpack. The TT model implementation is based on USACE (1987).

Snow is accumulated on a grid cell when there is a precipitation event with
an air temperature below a threshold temperature (Tpx). The model
simulates the temperature of the snowpack surface using an accumulated
temperature index (ATICC, Equation 1), which is used to approximate heat
exchanges at the snowpack air interface between timestepst = 1 and t = 2.

ATICC, = ATICC, + (1- (1 - TIPM2)1/24) (T,, — ATICC,) (1)

where T, is the air temperature and TIPM is a coefficient specified in the
model. The formulation of Equation 1 assumes that air temperature is in
degrees Centigrade, but the same formulation can be used for degrees
Fahrenheit if T, is replaced by the quantity (T, — T,), where T, is the
temperature where water changes between liquid and solid phase.
Recommended values for the non-dimensional TIPM parameter are 0.2 for
shallow snowpacks and 0.5 for deep snowpacks (USACE 2017). Larger
values of TIPM result in a calculation that have a stronger correlation with
diurnal air temperature fluctuations. By definition, ATICC can only be
accumulated when T, is below freezing. When ATICC- results in a positive
number, ATICC is held at zero until the budget begins to accumulate
negative values. The model simulates changes in snowpack internal
temperatures using cold content (cc). The formulation for the changes in
cc between t = 1 and t = 2 in Equation 2:

1
cr(1-TIPM3) /24

cCc, = CCq; —
2 1 log(1-TIPM,)

(T, — ATICC,) (2)

The cold rate coefficient (c,) is a coefficient that influences how closely
the internal temperature of the snowpack correlates with changes in air
temperature. Recommended values for ¢, range from 0.01 to 0.028
in./°F/day, with the most common choice being 0.02 in./°F/day
(USACE 2017).
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Snowmelt is also simulated using an accumulated temperature index
approach. The antecedent temperature melt index is calculated using
Equation 3.

ATIMR = ATIMR,a'/?* + T,(1/24) (3)

where a is a melt rate coefficient that is typically set to 0.98 (USACE
2017). By definition, ATIMR can only accumulate when T, is above
freezing. The amount of snowmelt (M) is calculated using a melt factor
(Mf). My is parameterized in the TI model for dry and wet melt events.
During wet melt events, the amount of heat available from melting
increases when liquid precipitation is falling on a snowpack. Regardless of

the melting event type, melt factors can be parameterized as a constant
value or varied seasonally using a lookup table between ATIMR and M;. A

simplified melt equation is presented in Equation 4, but M is allowed to
vary if it was parameterized as a function of ATIMR.

M= MT, (4)

Figure 11 is a flow chart showing how surface melt and liquid precipitation
are converted to liquid water at the soil surface. The process of releasing
water from a snowpack is determined by relating the amount of surface
melt and liquid precipitation (Equation 4) to the liquid water holding
capacity of the snowpack and the cold content. The liquid water holding
capacity of the snowpack is used to determine if there is potential surface
runoff. There are three scenarios accounted for in the temperature index
implementation in HEC-HMS. First, the snowpack can store the meltwater
in the snowpack (snowpack temperature below freezing). Second, a
fraction of the melt is held internally in the snowpack, and the remainder
is available as potential runoff. Third, the snowpack is isothermal at
freezing temperature, as all of the melt is available as potential runoff.

The amount of potential runoff that is converted to actual runoff is
determined by the cold content (Equation 2) of the snowpack. When cc is
available, precipitation on the snow surface or surface melt to the
snowpack can freeze when cc is larger than the potential runoff. When cc
is only slightly positive, any precipitation or surface melt can partially
freeze and rest is available as potential runoff. Finally, if cc is at zero, all
precipitation and surface melt is entirely be converted to liquid water at
the soil surface. When some or all of the potential runoff can freeze, the
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melt is accumulated in the snowpack as SWE. As a result, cc is reduced to
reflect the amount of heat introduced in the snowpack associated with
freezing liquid water.

Figure 11. Tl flow chart for converting surface melt and liquid precipitation to liquid
water at the soil surface.

Total Melt = Surface Melt + Liquid Precipitation
TM; = SM, + LP;

Snowpack Water Content (WQ)
Potential Runoff (PR}

Complete Snowpack Storage Partial Snowpack Storage No Snowpack Storage
™, < WQ o WQ; 4 TMy > WQ max - W@t WQ ., 1= W0 nax
W@, =TM, + W@, , PRy =TM;y — WQ o — WQt—1 PR, =TM,

PR,

Snowpack Cold Content (CC)
Liquid Water at Soil Surface (LW ASS)

CC,_, > PR, CC,_, < PR,

CC; = CC, — PRy LWASS, =PR, — CC,_,
LWASS, = PR,

SWE, =SWE;_, +PR; SWE, = SWE,_,- PR,

LWASS;

5.1 TI model calibration

WYs 2016 and 2017 were selected for model calibration. Each subbasin was
calibrated to the UA SWE dataset. The resulting calibration parameters for
WYs 2016 and 2017 are shown in Table 2 and Table 3, respectively. The
phase temperature (T, ) was used as a calibration parameter to match the
modeled magnitude of peak SWE to the observed data.
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Table 2. Tl snowmelt calibration parameters for the WY 2016.

Metrologic Model Summary

Ririe Ririe Upstream Grays Lake
Snow Tl Parameter Value Value Value
PXTemp (°F) 35 335 35
Base Temp (°F) 32 32 32
ATI Coefficient 098 098 0.98
Wet Meltrate (in./°F- 05 0.075 0.075
day)
Rain Limit (in./day) 0.05 03 03
ATl Meltrate Function ATI Melt Factor ATI Melt Factor ATI Melt Factor
0 0.06 0 0.058 0 0.09
800 |0.06 40 0.095 200 (0.05
150 ]0.06 800 [0.082
800 |0.06
Cold Limit (in./day) 0 0
Cold Rate Coefficient 042 0.5 03
Water Capacity (%) 3 35
Groundmelt (in./day) 0 0 0

Table 3. TI snowmelt calibration parameters for the WY 2017.

Metrologic Model Summary

Ririe Ririe Upstream Grays Lake

Snow Tl Parameter Value Value Value

PXTemp (°F) 35 321 35

Base Temp (°F) 32 32 32

ATI Coefficient 0.98 098 0.98

Wet Meltrate (in./ ° F-day) 0.45 0.17 0.075

Rain Limit (in./day) 03 03 03

ATl Meltrate Function ATI Melt Factor ATI Melt Factor ATI Melt Factor
0 0.05 0 0.03 0 0.12
50 |0.05 100 |0.075 100 |0.05
800 |0.6 250 [0.05 800 |0.082

800 |0.06

Cold Limit (in./day) 0

Cold Rate Coefficient 03 042 0.4

Water Capacity (%) 35

Groundmelt (in./day) 0 0 0
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The TI snowmelt calibration results for WYs 2016 and 2017 are shown in
Figure 12 and Figure 13, respectively.

Figure 12. Tl snowmelt calibration results for the WY 2016.
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Figure 13. Tl snowmelt calibration results for the WY 2017.
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5.2

The Ririe subbasin snowmelt model had the largest bias and RMSE for both
of the calibration years (Table 4). It consistently underpredicted the
magnitude of SWE accumulation and overestimated the timing of the peak.

Table 4. Tl showmelt calibration statistics for WYs 2016 and 2017.

WY 2016 WY 2017
Ririe Ririe Upstream | Grays Lake | Ririe Ririe Upstream | Grays Lake

NSE 0.92 0974 0974 0916 0972 0984
Percent Bias -18.38 193 -8.16 -16.39 -7.8 277
RMSE 0.28 0.16 0.16 0.29 0.17 0.16

Date Peak 2/14/16 | 3/29/16 3/29/16 |2/10/17|3/8/17 3/11/17
Observed Peak Date | 2/5/16 | 3/28/16 3/29/16 | 2/6/17 |2/27/17 3/13/17
Peak SWE 387 7.95 98 442 10.83 1414
Observed Peak SWE | 4.65 8.09 10.22 475 1106 1381

Tl model validation

The model was validated with WYs 2018, 2019, and 2020 using three

parameter sets for comparison purposes: the calibrated 2016, 2017, and an

average of the 2 years. The parameters for the average of the 2 years,

hereafter termed average, are shown in Table 5.
Table 5. Average calibration parameters for Tl model (average of 2016 and

2017 parameters).

Metrologic Model Summary

Ririe Ririe Upstream Grays Lake

Snow Tl Parameter Value Value Value

PXTemp (°F) 35 328 35

Base Temp (°F) 32 32 32

ATI Coefficient 098 0.98 0.98

Wet Meltrate (in./ ° F-day) 0.475 0.1225 0.075

Rain Limit (in./day) 0175 03 03

ATl Meltrate Function ATI Melt Factor | ATI Melt Factor | ATI Melt Factor
0 0.055 0 0.044 0 0.115
50 0.05 75 0.085 100 0.05
800 0.06 150 0.06 800 0.06

800 0.06

Cold Limit (in./day) 0 0 0

Cold Rate Coefficient 0.36 0.46 0.35

Water Capacity (%) 3 35 3

Groundmelt (in./day) 0 0 0
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The simulated SWE time series for the WY 2018 is shown in Figure 14 and
summarized in Table 6. There was minimal sensitivity to parameter
selection during the simulated accumulation period before peak SWE. The
primary differences are in the duration of the accumulation period before
peak SWE. For Ririe Upstream, the highest NSE value of the 2018
validation simulations was using the 2017 calibration parameters. These
parameters also produced the lowest RMSE along with a slight negative
(low) bias in the peak SWE value.

Figure 14. Tl model simulation SWE time series for the WY 2018.
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Table 6. TI model simulation statistics for WY 2018.

Simulation |WY 2018

Calibration |WY 16 WY 17 Average

Subbasin Ririe Ririe Grays Ririe Ririe Grays Lake [Ririe Ririe Grays Lake
Upstream |Lake Upstream Upstream

NSE 0.328 097 0947 0.607 0935 0.817 0178 0817 0.847

RMSE 0.82 0.17 0.23 0.63 0.26 0.43 091 0.43 0.39

Percent Bias |-64.06 -10.98 -15.48 |-46.32 -1.62 -30.86 -70.71 923 -289

Date Peak |3/20/18 [3/27/18 |4/6/18 |3/21/18 |3/27/18 |3/27/18 3/19/18 |4/13/18 |3/27/18

gg:ir;zf e 3/7/18 3/26/18 |4/4/18 |3/7/18 |3/26/18 |4/4/18 3/7/18 3/26/18 |(4/4/18

Peak SWE 146 6.49 9.04 18 6.95 7.73 132 76 79

Observed 278 6.7 939 278 6.7 939 278 6.7 9.39

Peak SWE
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The simulated SWE time series for the WY 2019 is shown in Figure 15 and
summarized in Table 7. There was minimal sensitivity to parameter
selection during the simulated accumulation period before peak SWE. The
primary differences are the peak SWE and melt rates during the ablation
season. For Ririe Upstream, the highest NSE value of the 2019 validation
simulations was using the 2016 calibration parameters. These parameters
also produced the lowest RMSE along with a slight negative (low) bias in

the peak SWE value.
Figure 15. Tl model simulation SWE time series for the WY 2019.
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Table 7. TI model simulation statistics for the WY 2019.

Simulation WY 2019

Calibration WY 16 WY 17 Average

Subbasins | Ririe Ririe Grays Ririe Ririe Grays Ririe Ririe Grays

Upstream | Lake Upstream | Lake Upstream | Lake

NSE 0.855 0911 0.661 0.807 0.833 0.886 0.855 0.838 0.79
Percent -30.88 -3.83 17.14 -17.07 0.76 7.34 2216 1.09 12.39
Bias

RMSE 0.38 03 058 044 041 034 0.38 04 046
Date Peak |3/14/19 |3/25/19 |4/16/19 |3/14/19 |4/3/19 4/15/19 |(3/14/19 | 3/25/19 |4/16/19
Observed 3/16/19 |3/16/19 |3/25/19 |3/16/19 |3/16/19 |[3/25/19 |3/16/19 |3/16/19 |3/25/19
Peak Date

Peak SWE |[5.54 1031 13.02 6.05 10.27 1168 6.02 103 125
Observed 729 11.09 11.83 7.29 11.09 11.83 729 11.09 11.83
Peak SWE

The simulated SWE time series for the WY 2020 is shown in Figure 16 and
summarized in Table 8. There was minimal sensitivity to parameters
selection during the simulated accumulation period before peak SWE. The
primary differences are in the magnitude of peak SWE, where the WYs

2016 and 2017 accumulated more SWE. For Ririe Upstream, the highest
NSE value of the 2020 validation simulations was using the 2017

calibration parameters. These parameters were very similar to the 2016
calibration parameters but produced less of a negative (low) bias in the
peak SWE value. The large difference between the modeled peak SWE and
UA data is likely because the MRMS data were normalized to PRISM using

early and provisional releases.
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Figure 16. Tl model simulation SWE time series for the WY 2020.
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Table 8. Tl simulation statistics for the WY 2020.

Simulation WY 2020

Calibration WY 16 WY 17 Average

Subbasins | Ririe Ririe Grays Ririe Ririe Grays Ririe Ririe Grays
Upstream | Lake Upstream | Lake Upstream | Lake

NSE 0.438 0884 0.961 0.601 0.892 0.863 0543 0.894 0941

Percent Bias | -b8.17 -26.08 -12.64 -50.02 -21.14 -3.83 -55.35 2227 -18.18

RMSE 0.75 0.34 0.2 0.63 0.33 0.37 0.68 0.33 0.24

Date Peak 3/3/20 |4/6/20 |3/17/20]|3/15/20|4/6/20 |4/24/20(3/3/20 |4/6/20 |4/7/20

Observed 3/15/20 | 4/5/20 |4/17/20|3/15/20|4/5/20 |4/17/20]3/15/20|4/5/20 |4/17/20

Peak Date

Peak SWE 395 8.06 11.32 415 8.68 1154 401 855 10.37

Observed 737 10.74 1259 7.37 10.74 1259 7.37 10.74 1259
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6.1

6.2

Radiative Temperature Index (RTI) Model

The RTI model implementation is based on the temperature index model
SNOW 17 (Anderson 2006) and radiative temperature described by
Follum et al. (2015). The units for the formulation of the SNOW 17
temperature index are not presented to avoid confusion with the TT model
but are assumed to follow the units described in Anderson (2006). The
majority of the formulation assumes a metric unit system, with the
exception of some of the empirical relationships used to calculate outflow
from the snowpack. The model description provided here is a synthesis of
the reference literature. While we attempted to combine this information
in this report, how closely the RTI implementation in HEC-HMS 4.7
follows this formulation will require future work.

Snowpack accumulation

The snow accumulation process on the land surface in the RTI model is
similar to the TI model in HEC-HMS, where the phase of precipitation
inputs is referenced to an air temperature threshold. The primary
difference between the RTT and TI models is the RTI model has a three-
phase snowpack consisting of ice, SWE, and water components. The model
is parameterized with two air temperature thresholds that dictate what
proportion of the precipitation is liquid rain (T}, ;-4 ) or solid snow
(Tyxsnow)- When Ty, qin > Ty snow the new precipitation is divided into
rain and snow components when the current air temperature is between
the two thresholds.

Snowpack temperature

The process of tracking energy exchanges within a snowpack is through a
function of heat deficit (D) (Equation 5).

D, =D, + AD; + AD, (5)

The heat deficit budget is an accumulation of the deficit from the previous
time-step D;, the deficits associated with air temperature (AD,) and liquid
precipitation (AD,). The heat deficit fluctuations are related to air
temperature (AD;, Equation 6) and are a function of a negative melt factor
NMF , an accumulated temperature index (ATI) and snow surface
temperature ( Tgy,-).
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6.3

AD, = NMF * (ATI — T, (6)

In this model, T, is assumed to be o °C when T, is above freezing or

T, when it is less than freezing. NMF (Equation 6) is used to account for
increases in thermal conductivity associated with the density evolution of
the snowpack (Melloh 1999).

Mg

NMF = NMFygy (df/b-)( Mf,max) )

Where NME,,,, is the maximum negative melt factor, dt is the time-step of
the input temperature input data, M is the melt factor for the current

time-step, and M 4, is the maximum melt factor. As My, approaches the
value of M 4, the thermal conductivity will allow for larger deficit
fluctuations. The formulation of the RTI model parameter ATI (Equation
8) is similar to the formulation of ATICC (Equation 1) in the TI model. The
difference between formulations is the hybrid TT model scales the non-
dimensional TIPM coefficient using a native time-step of 6 hr.

ATI, = ATI, + (1 — (1 - TIPM,)"/s) (T, — ATL) (8)

Heat deficits will increase when AT is greater than T, and decrease
when ATI is zero. The heat deficit budget is increased by the amount of
heat required to bring the new SWE accumulation to 0°C. The changes in
heat deficit associated with new snow accumulations are calculated using
Equation 9.

Pn TsnowCi
AD, = —L—fc 9)

where P, is new SWE accumulations, T,,,,, is the temperature of the new
SWE, ¢; is the specific heat of ice, L, is the latent heat of fusion of water.

Tenow 1s assumed to be 0°C when T, is above freezing or the value of
T, when it is less than freezing.

Surface melt

In the TT model implemented in SNOW 17 (Anderson 2006), dry melt (M)
is calculated using Equation 10.

M = [M; * T, + 0.0125 « P + f, + T, ]dt (10)
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6.4

where f, is the fraction of precipitation as rain, T, is the precipitation
temperature (usually approximated by the air temperature), M; is a melt
factor, and P is precipitation. A wet melt rate is calculated using Equation 11
(Anderson 2006) when precipitation inputs exceed 1.5 mm/hr.

M = g +dt [(T, + 273) — 2734] + 0.0125 « P « f, + T, +
85+ f + (/) * [(rh * esqe — 6.11) +0.00057 + P, + T,]  (11)

where o is the Stefan-Boltzmann constant, f,, is a wind function, rh is the
relative humidity, e,,; is the saturation vapor pressure, and F, is
atmospheric pressure.

Runoff model

The snowpack in the RTI model evolves over multiple time-steps using
empirical relationships that account for water moving through a snowpack
with frozen water. First, a heat budget approach is used to determine if the
new surface melt can overcome the liquid water holding capacity and heat
deficits from the previous time-step. Second, excess water is routed through
the snowpack using empirical relationships that estimate travel time and
withdrawal rates. Finally, the melt is released as outflow that accounts for
storage and lagged water from previous time-steps. These steps are depicted
in Figure 18 and described in the subsection following. The physical
interpretations of the variables in Figure 17 are defined in Table 9.
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Figure 17. Flow chart summarizing the RTI runoff model.

(Surface Melt + Snowpack Water Content + Liquid Precip)
(Qw + Wq + P)

Wqg=0,Qw<D 0 <WQq<Wax Wq = Wqagx
Qw + Wq>D Qw > D + PLWC*D

D=D-Qw Wq:Wq+QW_D Wi=Wi+D
Wi=Wi+Qw Wi=Wi+D

Excess Water
E=Qw+Wq-Wqgx-D
- PLWHC*D

A

Storage

Table 9. RTI model runoff parameter descriptions
for variables in Figure 18.

Parameter Physical Description

D Heat Deficit

Qw Surface Melt

Wq Liquid water in snowpack

Wi Amount of Ice in Snow

PLWHC Maximum Liquid Water Capacity
Wax Liquid Water Capacity
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6.4.1 Heat budget updating

The rate of water being released from the bottom of a snowpack is
modeled using a percolation algorithm that depends on the overall heat
deficit of the snowpack. First, the heat deficit budget is used to determine
if the snowpack is ripe (e.g., exceeded maximum liquid water holding
capacity), partially ripe, or too cold to ripen. The excess water (E, Equation
12) available to percolate through a snowpack is produced when the

available liquid water on the snow surface (Q,,) and the liquid water inside
the snowpack (W,) can fill the liquid water holding capacity of the

snowpack (W,,), melt ice layers associated with previous melting events
(W), reduce the overall heat deficit (D) to zero, and overcome the heat
deficit associated with the increased holding capacity of a well-aged
snowpack (PLWHC * D).

E = Q,+W,;— Wy —D —PLWHC * D (12)

where PLWHC is the percent liquid water holding capacity (assumed to be
0.4). If excess water is not formed, the heat budget is used to modify the
internal ice and water layers in the snowpack. If there is enough melted
water (Q,,) to satisfy the heat deficit, but not overcome the liquid water
holding capacity of the snowpack, the amount of available liquid water is
calculated using Equation 13.

Wy= W;+ Qu—D (13)

When conditions for Equation 12 exist, the amount of snow and ice ( W;) in
the snowpack is increased by the heat deficit because water will refreeze
(Equation 14).

W;= W;+ D (14)

If the amount of melted water on the surface (Q,,) is not able to satisfy the
heat deficit, the heat deficit is reduced by the amount of available water
(Equation 15).

D=D-Q, (15)

Additionally, the amount of snow and ice in the snowpack is also increased
by the amount of available water that refroze (Equation 16).

wW; = W; + Q, (16)
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6.5

6.4.2 Snowpack routing

When there is excess water that can move through a snowpack, the model
uses a lag (L) parameter to describe how long it will take for the excess
water to reach the bottom of the snowpack (Equation 17) (Hildebrand and
Pagenheart 1955 ).

dt
L = 5331 — e(TO03CIWI/E (17)

The attenuated portion of the excess water (E) is removed from a
snowpack using a withdrawal rate (R, Equation 18).
R = ﬂl (18)

(—500E;5)

1+5e is

where W, is the mean water equivalent of the ice portion of the snow over
the snow-covered area (4;) (Equation 19).

Wi
25.44,

(19)

is =

and Ej; is the average hourly lagged excess liquid water available for the
current time-step relative to the snow-covered area (4;) (Equation 20).
Ey

= (20)

E
Is ™ 25.44

where E, is the average hourly lagged excess water available in the current
time-step.

Outflow

Using the calculated withdrawal rate (R, Equation 17) and hourly snow
cover, outflow (0, ,) from surface melt or rain can be calculated using

Equation 21.
Omr1 = (Sy +EDR, (21)

where S, is the amount of lagged excess water in storage at the beginning
of the time-step. The amount of lagged excess liquid water in storage at the
end of the hour (S,) can be calculated using Equation 22.
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6.6

Sy = (51 + E1) - 0m,r1 (22)

When there is no lagged excess water stored in the snowpack, S, in
Equation 20 and Equation 21 is set to zero.

Radiative temperature

The formulation for the RTIT model is complete when T, in Equation 9 and
Equation 10 is substituted with radiative temperature (T, .4, Equation 23)
(Follum et al. 2015) that is calculated using a simplified solar radiation
budget.

_ 1/4
Traq = [F—zet] " — 273.15 (23)

EsnowT

where LW, is the downwelling longwave radiation, SW, .., is the net
shortwave radiation at the snow surface, ¢,,,,, is the emissivity of snow,
and o is the Stefan-Boltzmann constant. The downwelling longwave
radiation is calculated using Equation 24.

LW, = [o(T, +273.15)* (1 + 0.17N?)](1 = E.) + Ee.0(T. +273.15)* (24)

where N is the fractional cloud cover, F, is the fractional canopy cover, ¢, is
the canopy emissivity, and T is the canopy temperature. The net
downwelling shortwave radiation is calculated using Equation 25.

SWl,net = (SOKTKameCKUKSKf)(]‘ - a) (25)

where S, is the solar constant, @ is snow albedo, and the K reduction
factors in short wave radiation from distance from the sun to Earth (),
atmospheric scattering (atm), absorption from clouds (c), vegetation (v),
slope/aspect of terrain (s), and topographic shading (t). K, is calculated
using a trigonometric relationship that describes how the distance
between the earth and sun varies seasonally (Equation 26).

K, = [1+0017 cos (2—” (1 —]D))]_2 (26)

365

where JD is a Julian day. K,,, is calculated as a function of model terrain
elevation (Equation 27).
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6.7

Kym = 0.75 + (2 - 1075)Elev, (27)

where Elev, represents the elevation of the raster cell. The reduction factor
associated with clouds K, is calculated using Equation 28.

K. = 1.0 — 0.65N? (28)

The reduction factor related to slope and aspect of the model terrain K; is
calculated using Equation 29.

Ks = cos(p) (29)

where ¢ is the angle of incidence between the incoming solar radiation
and the ground surface. Finally, the albedo (a,)of the snowpack is
calculated as a function of days (d) since the last snow accumulation
(Equation 30).

a, = 0.83 -0.011d (30)
When melting, «a; is calculated using Equation 31.

where w is 0.17 when the daily average temperature is above 0°C and
0.013 when the daily average temperature is below 0°C.

Current HMS Implementation

In the current HMS implantation of the hybrid temperature index model,
some simplifications are made to reduce the data requirements for the
model. The simplifications presented in the following subsections are
based on a direct review of the RTI model in HEC-HMS 4.7 beta.

The current default inputs for the RTI model are the following:

« Air Temperature (T,) — Temperature grids
« Rain Threshold — 37.4°F

« Snow Threshold — 30.2°F

« Base Temperature (T}) — 32°C

* Melt Factor (M) — 0.007222 in./°F-6hr

« Max Negative Melt Factor (NMFE,,,,) — 0.011 in./°F-6hr



ERDCTR-21-11

35

» ATI Coefficient — 0.8
+  Wind Function — 0.667
« Water capacity — 2.0%.

6.7.1 Negative melt factor

The maximum melt factor (My ,,,4,) is not specified in the current model.
In the implementation in HEC-HMS, the ratio of melt factors in Equation
7 is approximated by the ratio of daily maximum to annual maximum
downwelling short wave radiation (Equation 32).

SWl,nmf = SoKyKatmKs (32)

6.7.2 Dry melt

The fraction of precipitation that is in liquid form (f,.) is not specified. This
fraction could be calculated using the snow and rain temperature
thresholds, but further investigation is required as to how the model
accounts for mixed-phase precipitation in the snowpack. In this study, we
kept the snow and rain threshold equal, which effectively reduces f, to a
binary variable that can be 0% or 100% rain.

6.7.3 Wet melt

The wind function (f,) is not currently used in the wet melt rate
calculations and has been hardcoded to 1.0 to not influence the melt
calculations. This parameter is used to describe the stability of the
atmosphere at the land surface and is most important when exchanges of
latent and sensible heat are the main components for energy to melt snow.

The relative humidity is assumed to be 90% during welt melt events.

The saturation vapor pressure (ey,,) is approximated using the Clausius-
Clapeyron equation.

The atmospheric pressure (F,) is approximated using a standard
atmospheric altitude versus pressure relationship (Anderson 2006,
Equation A-9).
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6.8

6.7.4 Downwelling long wave radiation

In the current implementation, the parameters related to cloud coverage
and canopy are not specified. The fractional canopy cover is assumed to be
0.0, and fraction cloud coverage is assumed to be 0.5. The canopy air
temperature (7T,) is assumed to be equal to the air temperature (T,). For
Willow Creek, assuming a fractional canopy cover of 0.0 seems reasonable
for the majority of the watershed. That assumption would not be valid in the
“tree islands” that exist near the SNOTEL locations (Giovando et al. 2020).

6.7.5 Net downwelling shortwave radiation

In the current implementation, the cloud and vegetation parameters are
not specified. The reduction factors K, and K,, are both assumed to be 1.0.

RTI model calibration

WYs 2016 and 2017 were used to calibrate the RTI snowmelt model to
the UA SWE time series. In the current implementation in HMS, the
gridded hybrid meteorological model applies a single parameterization
for the Willow Creek. The calibration focused on maximizing model
performance in the Ririe Upstream subbasin. The resulting model
calibration parameters for WYs 2016 and 2017 are shown in Table 10.

Table 10. Calibrated RTI parameters for WYs 2016, 2017, and calculated average.

WY16 WY17 Average
Rain threshold (°F) 34 35 345
Snow Threshold (°F) 34 35 345
Base Temperature (°F) 32 32 32
Melt Factor (in/°F) 0.00722 001 0.00861
Max Negative Melt Factor (in/°F) 0.011 0.031 0021
ATI Coefficient 0.85 0.85 085
Water Capacity (%) 2 2 2
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The model parameters maximum negative melt factor and melt factor had
the most variation between the two calibration years. Both calibrations
required relatively high snow thresholds to best match the magnitude of
the observed peak SWE.

The simulated SWE time series for the WY 2016 is shown in Figure 18 and
summarized in Table 11. For Ririe Upstream, the model had a slight (low)
negative bias and low RMSE. The timing and magnitude of peak SWE,
relative to the UA data, were overestimated by 1.5 days and
underpredicted the magnitude of peak SWE by 0.59 in., respectively.

Figure 18. RTI snowmelt calibration for the WY 2016.
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The simulated SWE time series for the WY 2017 is shown in Figure 19 and
summarized in Table 11. For Ririe Upstream, the model had a slight (low)
negative bias and low RMSE. The timing and magnitude of peak SWE,
relative to the UA data, were overestimated by 13 days and underpredicted
the magnitude of peak SWE by 1.2 in., respectively. The discrepancy in the
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timing of peak SWE is created by a suspicious spike in the UA-observed
data that was followed by a period of accumulation that almost reached the
same magnitude of the spike.

Figure 19. RTI snowmelt calibration for the WY 2017.
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Table 11. RTI snowmelt model calibration statistics.

WY 2016 WY 2017
Ririe Ririe Upstream | Grays Lake | Ririe Ririe Upstream | Grays Lake

NSE 0.905 0.983 0.987 0.860 |0.963 0.963
Percent Bias -17.25 -0.72 -5.26 -1451 |-10.80 -11.14
RMSE 031 013 012 0.37 019 019

Date Peak 2/14/16 | 3/30/16 3/30/16 |3/8/17 |3/10/17 3/23/17
Observed Peak Date | 2/5/16 |3/28/16 3/29/16 | 2/6/17|2/27/17 3/13/17
Peak SWE 3.89 74 9.8 422 9.88 12.07
Observed Peak SWE | 4.65 8.09 1022 475 11.06 1381
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6.9

RTI model validation

WYs 2018—2020 were simulated using the three calibration parameter
sets described in Table 8. The simulated SWE time series for the WY 2018
is shown in Figure 20 and summarized in Table 12. There are differences
between the parameter sets in the timing and magnitude of peak SWE. For
Ririe Upstream, the highest NSE value of the 2018 validation simulations
was using the 2017 calibration parameters. These parameters also
produced the lowest RMSE along with a slight negative (low) bias in the
peak SWE value.

Figure 20. RTI simulated SWE time series for the WY 2018.
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Table 12. RTI simulation WY 2018 summary statistics.

Simulation WY 2018

Calibration WY 16 WY 17 Average

Subbasins Ririe Ririe Grays Ririe Ririe Grays Ririe Ririe Grays

Upstream | Lake Upstream | Lake Upstream | Lake

NSE 0434 0.865 0.852 0.884 0597 0534 0.813 0.892 0.875
Percent -56.34 -27.69 -2755 -16.16 20.82 2752 -32.78 -0.04 6.96
Bias

RMSE 0.75 0.37 0.38 0.34 064 068 043 0.33 035
Date Peak 3/9/18 |3/21/18 3/28/18 | 3/21/18 |4/13/18 |4/23/18 |3/21/18 | 3/25/18 4/14/18
Observed 3/7/18 |3/26/18 A4/4/18 |3/7/18 |3/26/18 |4/4/18 |3/7/18 |3/26/18 4/4/18
Peak Date

Peak SWE 134 5.27 7.37 2.40 727 10.43 2.00 6.29 9.76
Observed 278 6.70 939 278 6.70 939 278 6.7 939
Peak SWE

The simulated SWE time series for the WY 2019 is shown in Figure 21 and

summarized in Table 13. There was minimal sensitivity to parameter

selection during the simulated accumulation period before peak SWE. For
Ririe Upstream, the highest NSE value of the 2019 validation simulations

was using the 2016 calibration parameters. These parameters also
produced the lowest RMSE along with a negative (low) bias in the peak

SWE value. The 2016 and 2017 parameters had a period of minimal SWE

accumulation before the melting of the spring runoff began. While the

calibration did not focus on Grays Lake, the WY 2017 parameters resulted
in a more defined period of minimal accumulations before melting of the

spring runoff began.
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Figure 21. RTI simulated SWE time series for the WY 2019.
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Table 13. RTI simulation WY 2019 summary statistics.
Simulation WY 2019
Calibration WY 16 WY 17 Average
Subbasins Ririe Ririe Grays Ririe Ririe Grays Ririe Ririe Grays
Upstream | Lake Upstream | Lake Upstream | Lake
NSE 0711 0937 0918 0814 0.592 0.388 0.792 0.839 0.725
Percent -44.30 -11.46 0.82 -28.58 11.18 2463 -37.93 -162 10.72
Bias
RMSE 054 0.25 0.29 043 0.64 078 0.46 0.40 052
Date Peak |3/14/19 |3/23/19 |4/16/19 |3/25/19 |4/4/19 5/2/19 |3/14/19 | 3/25/19 |4/7/19
Observed 3/16/19 | 3/16/19 | 3/25/19 | 3/16/19 | 3/16/19 3/25/19 | 3/16/19 | 3/16/19 3/25/19
Peak Date
Peak SWE |4.87 976 114 538 10.28 1224 517 10.02 12.06
Observed 729 11.09 11.83 7.29 11.09 11.83 7.29 11.09 11.83
Peak SWE
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The simulated SWE time series for the WY 2020 is shown in Figure 22 and
summarized in Table 14. There was minimal sensitivity to parameters
selection during the simulated accumulation period before peak SWE. For
Ririe Upstream, the primary differences are in duration and magnitude of
peak SWE. The WY 2017 and average parameters had similar NSE, RMSE,
and negative (low) bias of peak SWE. The WY 2017 parameters had the
largest amount of SWE accumulation but was still more than 2 in. less
than the UA data. The negative (low) bias is likely because the MRMS data
were normalized to early release and provisional data.

Figure 22. RTI simulated SWE time series for the WY 2020.
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Table 14. RTI simulation WY 2020 statistics.

Simulation
Year WY 2020
Calibration WY 16 WY 17 Average
Ririe Grays Ririe Grays Ririe Grays

Subbasins | Ririe Upstream Lake Ririe Upstream | Lake Ririe Upstream | Lake
NSE 0.428 0.778 0918 0.660 0.851 0.836 0567 0.858 0911
Percent
Bias -5838 |-34.28 2107 -47 .05 -19.47 -1.37 5251 |-2481 -12.38
RMSE 0.76 0.47 0.29 058 0.39 041 0.66 0.38 0.30

3/15/2 3/16/2 4/20/2
Date Peak [0 3/16/20 A4/7/20 |3/22/20 |4/6/20 4/24/20 |0 4/6/20 0
Observed  [3/15/2 3/15/2 4/17/2
Peak Date [0 4/5/20 4/17/20 |3/15/20 | 4/5/20 4/17/20 |0 4/5/20 0
Peak SWE [4.19 729 949 465 811 1071 451 7.69 10.45
Observed
Peak SWE |7.37 10.74 1259 737 10.74 1259 7.37 10.74 1259
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6.10 RTI parameter sensitivity

A sensitivity analysis of the RTI parameters ATI coefficient and NME,, ..
was completed to determine how the RTI parameterizations affect the heat
deficit budget, peak SWE, and timing of peak SWE. The sensitivity
analysis presented in this section was completed using the WY 2017
temperature and precipitation grids. The relative behavior of each
parameter can be used to aid with understanding the implications of the
different models’ parameterizations.

6.10.1 Peak SWE

Using the default RTI model parameters, the ATI coefficient was varied
between 0.1 and 0.9 using 0.1 intervals (Figure 23). The analysis indicated
that the magnitude of peak SWE decreased with larger ATI coefficients.
The magnitude of peak SWE values ranged from 1.45, 1.6, and 1.45, for
Ririe, Ririe Upstream, and Grays Lake subbasin, respectively.

Figure 23. ATl parameter relationship between modeled peak SWE.
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To evaluate the influence of NME,,,,, and ATI coefficient on SWE
accumulation (Figure 24), we evaluated NMF,,,, values ranging from
0.001 to 0.051 at 0.002 intervals. In this analysis, the ATI coefficient was
varied between three characteristic values (0.3, 0.5, and 0.8) selected to
represent low, medium, and high parameterizations. There is a general
trend where peak SWE increases with larger values of NME,, ., but there
are certain parameter combinations in Ririe Upstream and Grays Lake
where peak SWE remained constant. Lower values of the ATI coefficient
resulted in larger values of peak SWE.

Figure 24. Relationship between maximum negative melt factor, ATl coefficient, and
peak SWE.
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6.10.2 Peak SWE timing

Figure 25 shows how combinations between ATI coefficient and NME,,,,
affect the timing of the simulated peak SWE. As NME,,,,. factor increases,
the timing of peak SWE is shifted later in the WY. The Ririe subbasin
generally had two results for the timing of peak SWE, where the timing
shifts were delayed with increasing ATI coefficients. The Ririe Upstream
subbasin had three, discrete results for the timing of peak SWE. Grays
Lake had a less stepwise solution, where the timing of SWE gradually
increased with maximum negative melt factor. The gradual delay of peak
SWE timing in Grays Lake is likely due to the plateau of peak SWE shown

in Figure 25.
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Figure 25. Relationship between maximum negative melt factor, ATl coefficient, and

peak SWE timing.
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6.10.3 Heat deficit

Figure 26 shows how the heat deficit budget will vary with different
combinations of NME,,,, and ATI coefficient. Lower values of NME,,
resulted in multiple heat deficit cycles throughout the winter in Ririe
Local. Similar trends exist for Ririe Upstream and Gray Lake, but the heat
deficit cycles do not always reach zero. The magnitude of the heat deficit
increased with NME,,,, and decreasing values of the ATI coefficient.
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Figure 26. Influence of maximum negative melt factor and ATl coefficient on the heat

deficit budget.
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7.1

1.2

Discussion

As indicated in the approach section, this discussion is a summary of items
that might help guide future work for the RTI model development.

RTI model parameters

The sensitivity analysis provided above indicates that the model is highly
sensitive to specific parameter combinations. These results are further
demonstrated when each of the calibration sets was used to simulate WYs
2018—2020. A trend seen across the calibration and simulation years is
that there is minimal to no melt occurring during the accumulation
periods. The SWE time series had a stair-like pattern where accumulation
would be followed by a period of constant SWE. A good place to start an
investigation into this pattern is to review the heat deficit budget
algorithm for errors. Potential runoff can only occur when there is more
melt than heat deficit. Based on the trends identified in Figure 25, large
values of non-negative melt factor result in large magnitude heat deficits.
An implication of large magnitude heat deficits is runoff will be delayed
until the heat deficit is satisfied.

Another area to investigate is the current formulation of the negative melt
factor calculations. Approximating the seasonal variation of melt factors
with ratios of downwelling shortwave radiation is problematic in Willow
Creek because peak SWE will occur well before the summer equinox. The
current model will not accept non-negative melt factors greater than o0.052.
Subbasins with earlier peak SWE would require larger negative melt factors
to force the model to overcome a heat deficit budget when the ratio of daily
maximum to annual maximum shortwave solar radiation is small.

Surface runoff

All runoff comparisons between the RTT and TT models were completed
using the US Geological Survey (USGS) gage Willow Creek Below Tex
(USGS Gauge 13057940). This gage is located at the outlet of Ririe
Upstream and provides the best comparison because the RTI models
were calibrated to obtain maximum performance in the Ririe Upstream
subbasin. For each calibration year, the loss and baseflow parameters
were adjusted to obtain maximum performance for the RTI model. The
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corresponding TI model was also simulated using the loss and baseflow
parameters calibrated in the RTT model.

Figure 27 shows the result of the runoff simulation using the calibration
datasets for WY 2016. While both the RTI and TT models produce
reasonable streamflow results, the RTI model has overall better results
for NSE, bias, and RMSE values (Table 15). In contrast, the results for
WY 2017 shows the TI simulation (Figure 28) performed much better
compared to the observed streamflow. During the basin model
calibration for WY 2017, parameters were varied to obtain an oscillating
hydrograph similar to the observed record. Ultimately, there was no set
of parameters that produced an oscillating behavior. It was a surprising
finding to see that the TI model captured some of the oscillating behavior
when land surface parameters in HEC-HMS (baseflow and loss) were
originally calibrated in the RTI model.

Figure 27. Willow Creek below Tex (13057940) streamflow for the WY 2016.
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Figure 28. Willow Creek below Tex streamflow for the WY 2017.
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Table 15. RTI and Tl stream flow statistics for WYs 2016 and 2017.

Willow Creek below Tex Creek
Observed
Volume Volume
WY Model NSE Percent Bias RMSE (inches) (inches)
2016 RTI 0907 10.05 03 243 221
Tl 0.653 2507 0.6 277
2017 RTI 0.599 -35.85 0.6 346 539
Tl 0925 -2.48 03 536
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8 Conclusion

The TT model for Willow Creek performed reasonably well in both the
calibration and validation years. These results could be used by USACE
water managers to make operational decisions for Ririe Dam. However, the
results of the RTI calibration and validation simulations leave us with
additional questions related to how best to parameterize this snow model.
The sensitivity analysis indicates that the choice of calibration years will
have a substantial impact on the parameters and thus the streamflow
results. Based on the analysis completed in this study, we think further
refinement and verification of the RTI model calculations are required
before an objective comparison with the temperature index model can be
completed. The following list of tasks should be completed before additional
comparisons are made with SWE and streamflow using the RTI model.

» A full review of the RTI code should be completed to document all
assumptions made in the original implementation.

» A thorough review of the parameter assumptions and any other hard-
coded values used in the original implementation should be conducted.

» Additional sensitivity analysis should be performed along with trace-
backs through the foundational equations. This will allow us to
understand and document how variables are updated at each
time-step.

« An additional review should be made of how the RTI model is
percolating water through the snowpack. This is probably one of the
most challenging issues since water is released across multiple
time-steps.

» Develop documentation of each HEC-HMS input. This includes
acceptable ranges, physical meaning, and source references.

» Add radiative temperature and heat deficit components to output DSS
variables.

» Standardize nomenclature between the TT and RTI models (e.g., ATI
and ATI-Cold).

« Implement subbasin-level parameterizations in the RTI model.
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DEM digital elevation model

DSS Data Storage System

GIS geographic information system

HADS Hydrometeorological Automated Data System
HEC-HMS Hydrologic Engineering Center, Hydrological Modeling System
HMS Hydrological Modeling System

MRMS Multi Radar Multi-Sensor

NLCD National Landcover Classification Database
NOAA National Oceanic and Atmospheric Administration
NSE Nash-Sutcliffe efficiency

PRISM Parameter-elevation Regressions on Independence slopes model
QPE quantitative precipitation estimate
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RTI radiative temperature index

RTMA Real-Time Mesoscale Analysis

SNOTEL Snow Telemetry

SWE Snow Water Equivalent

TI temperature index

UA University of Arizona

USACE US Army Corps of Engineers

USGS US Geological Survey

WY water year
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