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whose headwaters extend to the highest elevations in the region (~4,400 m) on the southern flanks of Mount
Rainier in the maritime climate. Three basins that are positioned near the crest of the Cascades represent a
gradation of the transition from maritime to more continental climate: Thunder Creek in the North
Cascade Range, the most heavily glacierized in this study, and the Cascade and Stehekin river basins.

3. Approach
3.1. Glacio-hydrological Model

We used the DHSVM (Wigmosta et al., 1994; Wigmosta et al., 2002) coupled with the GDM of Clarke et al.
(2015) to simulate glacio-hydrological processes in each of the six river basins. DHSVM has been widely
applied in the mountainous western United States in snow hydrology studies (e.g., Cristea et al., 2014; Jost
et al., 2009) and in climate and land cover change applications (e.g., Cuo et al., 2011; Elsner et al., 2010).
The GDM is required to evolve the distribution of glacier ice in response to snow accumulation and
snow/ice ablation (glacier mass balance). It is based on the shallow ice approximation of the equations gov-
erning ice deformation (Cuffey & Paterson, 2010) and sliding to simulate the lateral movement of ice as
described in Jarosch et al. (2013) and Clarke et al. (2015). Several changes have been made to DHSVM to link
with GDM explained in detail by Naz et al. (2014). A glacier ice layer is added to the bottom of a snowpack
layer in the snowpack energy balance model to represent glacier ice accumulation, ablation, and mass bal-
ance. The general framework of the coupling is that snow and ice accumulation and melt are simulated in
the subdaily algorithms of the hydrological model, and at the end of each month these fluxes are summed
to produce net changes in glacier mass. This mass change is then used to force the GDM, which in turn
updates the thickness of glacier ice in each model grid cell as ice flows in response to slope, curvature,
and ice thickness. Melting snow and glacier ice enters the soil column of the respective grid cell and is then
routed through the watershed following the subsurface and surface flow modeling schemes of DHSVM
(Wigmosta et al., 1994; Wigmosta et al., 2002). Recently, the effects of supraglacial debris on surface energy
balance for glaciers was incorporated in the ice ablation algorithms of the DHSVM snowmelt model to study
glaciers with debris cover (Frans et al., 2016). In this study we also incorporate an algorithm in DHSVM that
redistributes snow from avalanching (Bernhardt & Schulz, 2010), which can be a significant source of mass
accumulation for some glaciers and impact snowmelt discharge patterns (Freudiger et al., 2017).

We implemented both GDM and DHSVM at spatial resolutions of 50 m. We resampled (bilinear) hydrological
model parameters (e.g., elevation, soil, and vegetation) from their native resolution to 50 m. The sources of
geospatial data used are listed in Table 2.

Table 2
Data Utilized as Model Input and for Model Calibration and Verification

Data Description Source

Model input
Digital elevation model Shuttle Radar Topography Mission (SRTM), 30 m http://www.opentopography.org/
Soil texture NRCS STATSGO2 http://www.nrcs.usda.gov/
Vegetation National Land Cover Database (NLCD 2011), 30 m http://www.mrlc.gov/nlcd2011.php
1981–2010 precipitation normals PRISM Climate Group, 800 m http://www.prism.oregonstate.edu/
Historical meteorological data Livneh et al. (2013), 1/16 degree http://maca.northwestknowledge.net
Future meteorological data MACA Downscaled CMIP5 GCM Output, 1/16° http://maca.northwestknowledge.net
Model calibration/verification
Glacier area Glacier Research at Portland State University Dick (2013); Nylen (2004); Spicer (1986)
Glacier area Landsat CDR NDSI derived Snow/Ice Extent http://earthexplorer.usgs.gov/
Glacier mass balance National Park Service Riedel and Larrabee (2011b)
Glacier mass balance United States Geological Survey http://www.usgs.gov/climate_landuse/clu_rd/glacierstudies/default.asp
Glacier mass balance University of Washington http://earthweb.ess.washington.edu/Glaciology/projects/blue_glac/

mass_balance.htm
Discharge United States Geological Survey Stream Gauging http://waterdata.usgs.gov/nwis/
Snow water equivalent NRCS Snow Telemetry (SNOTEL) http://www.wcc.nrcs.usda.gov/snow/
1981–2010 temperature normals 800 m, PRISM Climate Group http://www.prism.oregonstate.edu/

Note. CMIP5, Coupled Model Inter-Comparison Project 5; GCM, global climate model; MACA, Multivariate Adaptive Constructed Analogs; NDSI, Normalized
Difference Snow Index; PRISM, Parameter elevation Regression on Independent Slopes Model.
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3.2. Model Forcing Data

For the historical glacio-hydrological simulations we used the gridded meteorological data set of (Livneh
et al., 2013). These data consist of daily minimum (Tmin) and maximum (Tmax) air temperature at 2 m above
ground level, precipitation, and wind speed at a spatial resolution of 1/16° (~6 km N-S). This data set is also
the historical reference used in bias correcting and downscaling an ensemble of global climate model
(GCM) outputs. The GCM models were selected based on the model skill rankings of Rupp et al. (2013),
who evaluated output from the Coupled Model Inter-Comparison Project 5 (CMIP5) for the PNW. The
Multivariate Adaptive Constructed Analogs (MACA) statistical methods (Abatzoglou & Brown, 2012) were
used to downscale the CMIP5 data as part of the Integrated Scenarios of the Northwest Environment project
(http://pnwcirc.org/projects/integrated-scenarios/). The combination of historical data and downscaled
MACA future climate projections provided DHSVM forcing data for a 185-year period 1915–2099.

The algorithm for generating the historical data set used a constant temperature lapse rate
(�6.5 ° km�1C/° km) to interpolate Tmin and Tmax to 1/16° resolution from local weather stations (Livneh
et al., 2013). We evaluated the effects of this assumption by comparing the local climatology of each grid cell
with that of the Parameter elevation Regression on Independent Slopes Model (PRISM; Daly et al., 1994) 800-
m resolution climatology resampled to 1/16°. In mountainous areas with high vertical relief and low station
density, the Livneh et al. (2013) data were significantly colder than the PRISM 1981–2010 climate normals.
At high elevations cold biases are pervasive throughout the year in Tmin and during winter months
in Tmax (up to �8°C). To remove these biases, we corrected the Livneh et al. data using a delta method
(e.g., Watanabe et al., 2012) for monthly Tmin and Tmax derived from the comparisons with the PRISM data:

Tbc;i ¼ TLivneh;i þ TPRISM;month � TLivneh;month
� �

(1)

where Tbc, i is the bias corrected value of the daily historical temperature value of day, i. We used the
differences between the PRISM climatological mean (TPRISM;month) and the historical climatological mean
(TLivneh;month) for the corresponding month for bias correction. These bias corrections were applied to the
future MACA downscaled data as well.

We temporally disaggregated the daily bias corrected meteorological data to a 3-hourly time interval using
the Mountain Microclimate Simulation Model (MTCLIM) algorithms (Thornton & Running, 1999) as implemen-
ted in Bohn et al. (2013). To distribute these data spatially to the finer-resolution model domain (50 m), the
centroid locations and the mean elevations of each 1/16° grid cell were used to estimate temperature at
the 50-mmodel resolution using calibrated temperature lapse rates (section 3.4 and Table 3), the 50-m digital
elevation model (DEM), and bilinear interpolation between centroids.

In contrast to air temperature, systematic differences between the Livneh et al. (2013) and PRISM data were
not identified and bias correction was not applied. We spatially distributed precipitation from the centroid
locations of the regional data sets to the 50-m model grid cell using PRISM precipitation normals as a
template,

Px;y ¼ PRISMx;y;month=PRISMxcentroid ;ycentroid;month
� ��Pcentroid (2)

where the precipitation at a local 50-m grid cell (Px, y) is calculated using the precipitation of the Livneh et al.
1/16°data (Pcentroid) and the relationship between the local PRISM precipitation normal value for the

Table 3
Optimal Parameters Found Through Mass Balance Calibrations of Individual Glaciers

Glacier Basin P. Multi Tlapse (°C/km) MaxSnow α Glacier α Rl (mm)

South Cascade Cascade 1.00 �8.6 0.88 0.36 0.91
North Klawatti Thunder 0.99 �9.8 0.88 0.33 1.50
Sandalee Stehekin 3.47 �7.2 0.9 0.42 2.02
Nisqually Nisqually 1.01 �4.4 0.81 0.32 7.17
Blue Hoh 1.34 �6.2 0.87 0.39 3.81

Note. P. Multi is the precipitation multiplier, Tlapse is the air temperature lapse rate (constant), MaxSnow α is the max-
imum albedo of snow used in temporal decay curves, Glacier α is glacier albedo, and Rl is the aerodynamic roughness
length over snow and ice.
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current month (PRISMx, y, month) with the PRISM precipitation normal value for location of the centroid
(PRISMxcentroid ;ycentroid;month). In this manner, we used the relative spatial patterns of PRISM to spatially distribute
the coarser data. In DHSVM, shortwave radiation used in surface energy balance ice and snowmelt algo-
rithms and in the calculation of evapotranspiration is distributed based on a solar geometry model that
accounts for sloped surfaces and terrain shading for each 3-hr time interval of the day and month of the year
(Wigmosta et al., 1994).

3.3. Observational Data

Confidence in model predictions depends in part on how well the model reproduces historical glaciological
and hydrological variables such as glacier mass, glacier area, and streamflow. We used glacier mass observa-
tions to test the climate and energy balance algorithms of DHSVM for producing local glacier ice. Existing
measurements of net glacier mass balance were obtained for the Nisqually, Thunder Creek, and Stehekin
(Riedel & Larrabee, 2011a); the Cascade River (U.S. Geological Survey [USGS], Washington Water Science
Center); and the Hoh River (Conway et al., 1999) basins.

Estimates of glacier area at discrete points in time were used to define the change in extent through the his-
torical period and were compared against modeled glacier areas to confirm the coupled DHSVM-GDMmodel
predictions. We used glacier area data based on historical aerial imagery and topographic maps compiled by
the glacier research groups at Portland State University (Dick, 2013; Granshaw & Fountain, 2006; Nylen, 2004)
and the National Park Service (Riedel et al., 2015). We relied on estimates of glacier area from Landsat satellite
imagery for the end of the most recent decade (approximately 2010) in basins where these more rigorously
compiled data were not yet available (Cascade, Stehekin, and Hoh). Landsat-based estimates used classifica-
tions of atmospherically corrected images using the Normalized Difference Snow Index (NDSI) methodology
described in Burns and Nolin (2014). The Landsat images were chosen from dates at the end of the melt sea-
sons of anomalously dry years (low winter precipitation and thin snowpack) to avoid confounding glacier
areas with seasonal snow. The Landsat estimates were only used if other more robust observational data sets
were unavailable. The data sources used to define glacier area for different periods of time are listed in Table 1.

Stream gages from the USGS (waterdata.usgs.gov/nwis/) were used to evaluate model predicted runoff pat-
terns. Gauges were selected based on their proximity to glaciers and length of record.

3.4. Glaciological and Hydrological Calibration

The model calibration and the initialization of glacier masses were organized in three incremental steps: (1)
Cryospheric calibration: calibration of climate and surface energy balance parameters that control the accu-
mulation and ablation of snow and ice against observations for measured glaciers in each basin. This step is
critical because snow dynamics control glacier mass and the volume and timing of spring and summer
streamflow. (2) Glacier ice spin-up: First DHSVM is run to produce a spatially distributed mean annual mass
balance of glacier ice, then the GDM is run over large timescales driven by this mass balance to form initial
glacier conditions for modern-day simulations. This step aims to produce glacier ice mass extents consistent
with historical extent observations. (3) Hydrological calibration: calibration of soil parameters to improve
streamflow simulation using ranges of select soil parameters. These steps were followed for all basins except
for the Hood River watershed where additional observational data required a slightly different procedure for
calibration and testing (e.g., observations of subdebris ablation and geochemical sampling; Frans et al., 2016).

The parameters included for cryospheric calibration were air temperature lapse rate (constant throughout
the year), a precipitation multiplier, maximum snow albedo used by snow albedo decay functions (Laramie
& Schaake, 1972; Wigmosta et al., 2002), glacier ice albedo, and a constant for the aerodynamic roughness
length over snow and ice surfaces. Using narrow physically plausible ranges of these parameters, we used
an automatic multiobjective calibration technique (MOCOM-UA; Yapo et al., 1998) to find parameter sets that
accurately reconstructed observed seasonal and annual mass accumulation and ablation on measured gla-
ciers. As objective function elements, this multiobjective optimization used the root-mean-square error
(RMSE) of winter (October–April), summer (May–September), and annual mass balance (aggregated over
each glacier) and the absolute error in cumulative mass balance at the end of the calibration period. For gla-
cier mass balance the entire period of record corresponding to the observations was used for calibration. This
nontypical approach was used to prioritize the inclusion of more variability in the calibration period given the
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short periods of observation (as few as seven years), over reserving a fraction of the observed period for
validation alone.

After the optimal cryospheric parameter sets were found separately for each measured glacier in each basin,
these parameters were then used for developing an initial spatially steady state field of glacier ice that will be
used in historical glacio-hydrologic simulations. This initial field of glacier ice is obtained through spin-up
simulations using the GDM off-line starting with ice free topography. To force the GDM, a spatially continuous
field of annual mass balance was needed, and it is estimated by running the calibrated snow/ice melt model
of DHSVM using the historical climate. The mean annual mass accumulation and ablation were calculated for
every grid cell in each basin. Finally, this field of annual mass balance was used as a constant annual forcing
for the GDM to spin-up glacier masses until a spatial steady-state of ice area and depth was obtained.

Considering the fact that many of glaciers in the region developed during colder/wetter climatic conditions,
annual mass balance fields, used as input in the GDM, were perturbed locally by increasing annual mass bal-
ance as needed to match the spatial glacier cover developed from historical observations. In particular, such
adjustments were required in areas with large glaciers that have longer response times to climate fluctua-
tions. For instance, the South Cascade glacier in the North Cascade range, which, due to its thick ablation
zone and shallow slope, exhibits a very strong negative mass balance and it is still adjusting to the end of
the little ice age (LIA; Rasmussen and Conway, 2001). The spin-up procedure is detailed further in Frans
et al. (2015) and Naz et al. (2014).

The earliest observation-based glacier extents that we aimed to reproduce in the glacier spin-up step were
selected based on the availability of reliable historical spatial data. Depending on the basin these started early
in the 20th century or 1950s and 1960s. The earlier period is close to the end of the LIA, and the midcentury
period was characterized by a cold and wet period where many glaciers were stable or slightly advancing
(e.g., Dick, 2013; Granshaw & Fountain, 2006). Given these two conditions, we targeted these periods for
spin-up, avoiding periods where the glacier states would be highly transient.

Finally, using the glacier ice fields modeled in the glacier spin-up step as initial condition in the coupled
DHSVM-GDM model and the calibrated snow/glacier accumulation and melt parameters, we focused on
improving streamflow predictions at daily and seasonal timescales by adjusting several soil parameters that
control subsurface flow, surface runoff generation, and storage of water in the soil column. These parameters
are lateral transmissivity, porosity, maximum infiltration, and the e-folding depth used to decay transmissivity
with depth. We used a simple model to estimate soil depths across the watershed as a function of local slope
and upslope area derived from a 50-m DEM, by setting soil thickness limits to 0.15 and 2 m (Saulnier et al.,
1997). This method produces thinner soils on steep slopes and ridges, and deeper soils in flat areas and
depressions. Model performance was evaluated by comparing distributions of monthly streamflow volumes,
the Nash Sutcliffe Efficiency (NSE) of flows at multiple temporal intervals, and daily flow duration curves with
observations. We found manual calibration of spatially distributed soil parameters to be appropriate given
that we did use optimization for snow/ice melt parameters, which have primarily influence on discharge pat-
terns at coarse durations in these snowmelt dominated basins. Our analyses do not focus on short time inter-
vals (e.g., daily) where soil parameters will have a stronger influence.

This calibration approach is unique as it incorporates a variety of observational data sources and follows a top
down approach with respect to the simulation of mass in the watershed. Due to the variety of observational
data sources and periods represented (e.g., discrete time slices of glacier area at decadal intervals and short
periods of glacier mass measurements), the process did not follow traditional methods with well-defined cali-
bration and validation periods. Where available, simulations are compared with observations for periods that
were not included in calibration.

3.5. Describing Glacio-hydrological Change: 1960–2099

To identify regional patterns of glacio-hydrological response over the historical period and to infer how these
patterns will evolve through the 21st century, model simulations encompassed the period 1960–2099, except
the Nisqually and Hood River basins where simulations started in 1915 because the earliest glacier area esti-
mates were available for that year for model initialization. Discharge comparisons used data from 1960
onward consistently for all of the basins. To characterize the future climate, we used an ensemble of 10
CMIP5 GCM output projections downscaled to the resolution of our historical forcing data (1/16°) using the
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MACA methodology (Abatzoglou & Brown, 2012). We evaluated two emissions pathway scenarios:
Representative Concentration Pathway (RCP) 4.5, a moderate warming scenario in which emissions stabilize
by the end of the 21st century, and RCP8.5, a scenario in which emissions continue to increase through the
21st century. We developed an ensemble of predictions for each emissions scenario for each basin. To make
comparisons between basins, the single historical time series and the mean of the ensemble of future predic-
tions for glacier area and discharge were used as nondimensional variables by normalizing glacier area to the
area for 1960 and summer streamflow to the historical mean for 1960–2010. Additionally, time series of these
data are presented as 20-year center means to more clearly illustrate long-term fluctuations.

The relative contribution of glacier melt to streamflow was investigated in the summer months in the July–
September period and in September, the month with least amount of basin wide snowmelt runoff and mini-
mal rain. We define the glacier contribution to include the melting of glacier ice only (not including snow), as
this represents loss from long-term storage rather than including the seasonal storage of snow on the glaciers.

To demonstrate the multiphased hydrologic response to glacier recession and its effect on trends in dis-
charge, we analyzed how trends in discharge are manifested within the stream network and relate these
to upstream glacier area. To demonstrate the effect of changes in glacier melt on trends in total streamflow,
we calculated linear trends in total September discharge for each stream segment of a basin that shows a
distinct peak in glacier melt in the middle of the 21st century. The trends were calculated for a period leading
to the peak in glacier melt (2011–2050) and a period after the peak in glacier melt (2051–2099). We used Sen’s
slope estimator (Sen, 1968) to calculate trend magnitude and the Mann-Kendall statistic to test statistical sig-
nificance (p-value < 0.05). The trend in each stream network reach is then compared against the fraction of
upstream glacier cover at the beginning of the analysis period.

3.6. Cluster Classification of Glacier Areas

Weuse a statistical model to extrapolate the results of our simulations of glaciermass and area changes to gla-
ciers across the PNW (United States). The river basins wemodeled include 47% of the total area of glaciers and
perennial snowfields (Fountain et al., 2017) in Oregon andWashington and encompass a representative range
of physical settings. To extrapolate these results to the remainder of the glaciers in the region, we organized all
of the glaciers in the region into classifications using a k-means clustering technique (Lloyd, 1982). We divided
the full sample of PNW glaciers and perennial snowfields defined by Fountain et al. (2017) into three clusters
basedonmeanwinter and summer temperature andwinter precipitation.Wedefinedwinter asmonthswhere
themean temperature is<0 °C (November–April) and summer as themonths where themean temperature is
>0 °C (June–September). Climatological data were taken from PRISM normals corresponding to each glacier’s
centroid. These variables describe the climatic setting of each glacier. Elevation is implicitly represented
through temperature. The longitudinal position in the maritime to continental climate transition and the
effects of terrain shadowing of leeward slopes are represented through precipitation. Initially, we
includedmore classes and other covariates in addition to precipitation and temperature in the cluster analysis
(e.g., aspect and slope). We found that climate variables dominated cluster classification structure, particularly
for the medium to large masses that are the largest contributors to basin runoff. Other covariates introduced
unsystematic patterns into the classification of smaller glaciers thatwere difficult to find a physical explanation
for. Granshaw and Fountain (2006) and Dick (2013) also found significant correlation between climate vari-
ables and glacier areas and no significant correlation for topographic variables (e.g., slope and aspect).

4. Results
4.1. Historical Reconstructions

We first reflect on the results of calibration and validation through historical reconstructions to build confi-
dence in the conclusions drawn frommodel simulations. The parameter values found through the automatic
calibration procedure reflect logical physical relationships (Table 3). For example, the strongest temperature
lapse rates and highest snow albedo are in drier environments of the northern interior (Sandalee, North
Klawatti, and South Cascade). While these temperature lapse rates reflect drier conditions, they are also stron-
ger than observed values for the region (e.g., Minder et al., 2010). This likely indicates some compensation for
unresolved warm biases attributed to the use of PRISM data in bias correction, which may introduce systema-
tic errors in temperature measurements at high-elevation stations (Oyler et al., 2015). In contrast, weaker tem-
perature lapse rates and lower snow albedo were found in more humid environments closer to the coast
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(Blue, Nisqually). Precipitation multipliers in excess of 1.0 were required for two glaciers, Sandalee Glacier
(3.47) in the Stehekin watershed, and Blue Glacier (1.34) in the Hoh watershed. The precipitation of the
1/16° grid cell at the location of Sandalee Glacier was anomalously low as compared with all surrounding
grid cells; hence, it represented an extreme local bias; this precipitation multiplier was only applied to the
corresponding grid cell.

Comparisons of modeled andmeasured glacier mass balance (obtained from extrapolation of point measure-
ments) vary in agreement (r2 = 0.31–0.81; Figure 2). For the larger glaciers the comparison is reasonable
(r2 = 0.81, South Cascade and North Klawatti), but for the smallest glacier (r2 = 0.75, Sandalee) and for the gla-
cier with the shortest observation record (nine years) and the sparsest network of point measurements, the
model performance was worse (Nisqually, r2 = 0.31). For these two glaciers, nonclimatic processes such as
wind redistribution of snow, glacier ice avalanching, and highly variable debris cover (both of which are
not represented in the model) have a larger influence on net mass changes, which makes their mass balance
more difficult to model andmeasure. Themodel is able to reproduce the general pattern of mass fluctuations

Figure 2. (a–m) Observed (x axis) and modeled (y axis) mass balance for the entire glacier. (n–f) Time series of observed and modeled cumulative mass balance for
each glacier used in calibration. Only net annual mass balance observations were available for Blue glacier.

10.1029/2017WR021764Water Resources Research

FRANS ET AL. 6210


