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Abstract In the montane western United States, where the majority of downstream water resources are
derived from snowmelt, a warming climate threatens the timing and amount of future water availability. It is
expected that the fraction of precipitation falling as snow will continue decreasing and the timing of snowmelt
will continue shifting earlier in the year with unknown impacts on partitioning between evapotranspiration

and streamflow. To assess this, we employ a Snow Storage Index (SSI) to represent the annual temporal phase
difference between daily precipitation and daily modeled surface water inputs (SWI, the sum of rainfall and
snowmelt), weighted by the respective amounts. We coupled the SSI metric with a Budyko-based framework
to determine the effect of snow water storage on relative hydrologic partitioning across snow-influenced
watersheds in the western U.S. Greater snow water storage was positively correlated with greater hydrologic
partitioning to streamflow, particularly in the North Cascades/Cascades (r2: 0.62), Blue Mountains (% 0.56),
Canadian Rockies (% 0.55), Idaho Batholith, (7% 0.48), and Columbia Mountains/Northern Rockies (7%

0.45). The weekly SWI:P ratio was an equally strong predictor for hydrologic partitioning, particularly in
mid-spring (e.g., March/April) in the same mountainous areas (r>: 0.62-0.74, across the same eco-regions). The
retention of snow water storage and subsequent release of stored water in summer months resulted in increased
hydrologic partitioning to streamflow. If SSI decreases with future warming, the volume of water partitioned
streamflow will decrease non-uniformly across the western U.S. with substantial implications for ecosystems
and agricultural, industrial, and domestic water supplies.

1. Introduction

Seasonal snowpack is an essential component of Earth's hydrological cycle, and about one-sixth of the global
population relies on seasonal snowpack and glacier-derived runoff as a primary water resource (Barnett
et al., 2005; Portner et al., 2019). Mountain snowpacks act as a natural “water tower,” storing winter snowfall
until it melts throughout spring and summer months, when downstream water demand is high (Foster et al., 2016;
Immerzeel et al., 2020; Messerli et al., 2004). While many studies have investigated snowpack, snowmelt, and
associated trends across spatial and temporal scales (e.g., Mote et al., 2018; Musselman et al., 2017, 2021), the
comparative manner in which local to regional snowpacks store and release water has been relatively understud-
ied. Snowmelt contributes to regional water supply and partially dictates the timing and amount of downstream
water resources. Previous observed and model-based efforts have evaluated snowpack duration, snowmelt timing,
rate, and associated implications (Alonso-Gonzélez et al., 2022; Barnhart et al., 2020; Clow, 2010; Conway
et al., 2021; Elias et al., 2021; Stewart et al., 2004). Yet one new method for evaluating snow water storage is via
the daily temporal offset between the timing of precipitation and surface water inputs (SWI, daily the summation
of rainfall and snowmelt) and their relative magnitudes, per year (Hale et al., 2023). Hydrologic metrics associ-
ated with this temporal delay can explicitly capture the mechanisms controlling the amount of downstream water
availability that are also highly sensitive to climate change (Barnhart et al., 2016; Berghuijs et al., 2014; Foster
et al., 2016; Jeton et al., 1996).

Climate warming has caused fundamental hydrologic changes with unknown and likely variable effects on water
availability (Berghuijs et al., 2014; Foster et al., 2016; Gupta & Soroosh, 1998; Hinckley et al., 2012; Kapnick
et al., 2018; Livneh & Badger, 2020; Safeeq et al., 2013). In the last century, there has been a gradual shift from
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snowfall to rainfall (Knowles et al., 2006; Lute et al., 2015), decreases in peak snow water equivalent (SWE)
(Mote et al., 2018), earlier onset of snowmelt (Musselman et al., 2017), and shorter snow cover duration in moun-
tainous regions across the United States (U.S.) and globally (Brown & Mote, 2009; Brown & Robinson, 2011;
Hammond et al., 2018; Stewart, 2009). In response to these changes, hydroclimatic studies have reported net
decreases in annual streamflow and net increases in annual potential evapotranspiration (PET) associated with
climate warming (Adam et al., 2006; Anghileri et al., 2016; Clow, 2010; Mahanama et al., 2012; McCabe &
Clark, 2005; Regonda & Rajagopalan, 2004; Tang & Lettenmaier, 2012). A reduction in the annual fraction of
total precipitation falling as snow (i.e., snowfall fraction) and earlier snowmelt timing directly effects the amount
and temporal duration of snow water storage, which likely impacts the amount and timing of regional water
availability (Barnhart et al., 2016; Cayan et al., 2001; Harpold et al., 2012; Stewart et al., 2004, 2005; Trujillo
& Molotch, 2014; Trujillo et al., 2012). Cumulatively, these changes can adversely impact ecosystem function
(Wieder et al., 2022) and may cause large deficits in agricultural, industrial and domestic water supplies (Griffin
& Anchukaitis, 2014; Immerzeel et al., 2020; Yoon et al., 2015).

The manner in which climate warming erodes the distinct storage behavior of mountain snowpacks (Mote
et al., 2018) and impacts hydrologic partitioning is an emerging knowledge gap. Recent work suggests that the
snowfall fraction and snowmelt rate are closely related to streamflow partitioning across the contiguous United
States (CONUS), with increased snowfall and higher snowmelt rates leading to greater proportional runoff
(Barnhart et al., 2016; Berghuijs et al., 2014). Yet questions remain, including the physical mechanisms that
govern hydrologic partitioning sensitivities to changes in snow water storage. Evaluating hydrologic partitioning
in the context of snow water storage across climates in the western U.S. addresses this knowledge gap, as the
seasonal cycles of precipitation (including the phase of precipitation), snowmelt, and PET are inherently linked
with partitioning (Barnhart et al., 2016; Berghuijs et al., 2014; Clow, 2010; Foster et al., 2016; Hale et al., 2023;
Harpold et al., 2012; Hu et al., 2010).

Two competing hypotheses in the recent literature exist regarding the effect of snow water storage on water
partitioning to streamflow (Barnhart et al., 2016; Foster et al., 2016). The first hypothesis regards the role of
snowpack water storage in controlling the timing and magnitude of water delivery to terrestrial systems. In this
context, areas/years with relatively high snow water storage are associated with a relatively late and pronounced
spring-summer snowmelt pulse (Musselman et al., 2017; Trujillo & Molotch, 2014). Hence, with a relatively
large and rapid snowmelt pulse, SWI efficiently overwhelm soil moisture deficits and soil field capacity, leading
to efficient streamflow production and greater partitioning to streamflow (Barnhart et al., 2016). Under this first
hypothesis, a warming-related reduction in snow water storage, and the magnitude of this pronounced snowmelt
pulse may reduce annual hydrologic partitioning to streamflow as a muted, earlier snowmelt pulse will be less
efficient at generating soil drainage and sub-surface flow (Musselman et al., 2017).

The second hypothesis regards the role of snowpack water storage in creating a temporal alignment between
SWI and PET (Foster et al., 2016; Jeton et al., 1996). Thus, a warming-induced shift from snowfall to rainfall, or
toward earlier snowmelt, may diminish the temporal alignment of SWI and PET and increase cold-season hydro-
logic partitioning to streamflow (Foster et al., 2016; Hale et al., 2022; Hammond & Kampf, 2020) and decrease
the amount of water available for evapotranspiration (ET) later in the year (Jeton et al., 1996; Robles et al., 2021).
In opposition to the first hypothesis, reductions in snow water storage would act to increase hydrologic partition-
ing to streamflow. It is expected that these two contrasting hypotheses are simultaneously acting on catchment
hydrology in snow-influenced areas, with varying sensitivities to warming. The degree to which one hydrologic
partitioning sensitivity may dominate over the other is likely determined by complex interactions between the
hydroclimatology and critical zone architecture of a given watershed (Brooks et al., 2015).

We quantify the effects of seasonal snowpack water storage and meltwater release on annual water partitioning
in mountain headwaters of the western U.S. In this context, we evaluate the role of snowpack water storage,
precipitation, SWI, and PET in terms of long-term runoff ratios and evaporative fractions using the Budyko
framework (Budyko, 1974). The Budyko framework presents a hypothesis that predicts partitioning of incoming
precipitation (P) between streamflow (Q), or ET based on an index of regional or catchment aridity (PET/P).
Using existing and improved estimation of the magnitude and timing of snow water storage (Hale et al., 2023),
we explicitly evaluate spatio-temporal patterns of snow water storage and associated climate sensitivities of
hydrologic partitioning by addressing the question: How does the timing and magnitude of snow water storage
influence hydrologic partitioning across climates in the western United States?
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2. Methods

To evaluate the impact of snow water storage on hydrologic partitioning, we used a previously developed index
of snow water storage (hereafter the Snow Storage Index (SSI); see Section 2.3 for description) that was derived
by the difference in magnitude and timing of annual precipitation and the magnitude and timing of annual SWI
(Hale et al., 2023). The index affords an explicit comparison of the volume and duration of water that is stored in
the regional snowpack, and its effect on annual partitioning of water inputs to ET and streamflow (Q). Anomalies
from expected hydrologic partitioning behavior were determined using the Budyko framework and were statisti-
cally evaluated in the context of the SSI (see Section 2.5) (Budyko, 1974).

2.1. Study Area

The study area includes the major mountainous U.S. Environmental Protection Agency, Level III eco-regions
of the western U.S. (CEC, 2011). The average elevation of these eco-regions is 2,078 m, ranging from 638 to
3,857 m (CEC, 2011; Trujillo & Molotch, 2014), and include the following mountain ranges: North Cascades,
Cascades, Sierra Nevada, Columbia Mountains/Northern Rockies, Blue Mountains, Idaho Batholith, Canadian
Rockies, Middle Rockies, Wasatch and Uinta Mountains, and Southern Rockies. After constraining eco-regions
to areas of with significant annual average snow water storage (annual average SSI > 0, see Section 2.3), the
Eastern Cascades Slopes and Foothills, and Klamath Mountains were excluded from this analysis due to their
relatively small areas and low grid-cell counts. The northern-most eco-regions have been evaluated only to the
USA-Canada border, as observation-based hydrologic partitioning data, used to compare against the modeled
data set (see Section 2.2), were only available across CONUS (Newman et al., 2015). Most corresponding hydro-
logic partitioning studies were also constrained to the western U.S. (Barnhart et al., 2016; Berghuijs et al., 2014;
Mote et al., 2018).

The mountainous western U.S. stores considerable water in seasonal snowpack within two distinct climates:
Maritime climate and a combination of inter-mountain and continental climates (Trujillo & Molotch, 2014).
The maritime climates are associated with relatively warmer, drier conditions in summer months, and cooler,
wetter conditions in winter months with a strong influence from atmospheric rivers (Cayan et al., 2001; Guan
et al., 2010; Neiman et al., 2011; Regonda et al., 2005). Inter-mountain and continental climates are semi-arid
with relatively colder winter temperatures, warmer summer temperatures, and thus greater annual temperature
variability. These areas contain higher elevation mountain ranges, while experiencing plumes of moisture from
the Pacific coast (Harpold et al., 2012; Kapnick & Hall, 2012; Mote et al., 2005; Wise, 2012). Within each climate
(maritime vs. inter-mountain/continental), northern eco-regions tend to be more energy-limited (i.e., colder
and wetter) and southern eco-regions tend to be more water-limited (i.e., warmer and drier) (Mote et al., 2005;
Trujillo & Molotch, 2014). We used these differences in climates and relative energy or water limitations to group
eco-regions into four classes: maritime/more energy-limited (Cascades and North Cascades), maritime/more
water-limited (Sierra Nevada), continental/more energy-limited (Blue Mountains, Idaho Batholith, Canadian
Rockies, Columbia Mountains/Northern Rockies), continental/more water-limited (Middle Rockies, Wasatch and
Uinta Mountains, Southern Rockies). The framework used to differentiate these four groups of eco-regions is
explained in Section 2.5.

2.2. Data Sets

We used a gridded hydrometeorological data set, which contains spatially and temporally continuous daily mete-
orological forcings and simulated Variable Infiltration Capacity (VIC) model states and fluxes at 1/16° (~6 km)
resolution from 1950 to 2013 (Liang et al., 1994; Livneh et al., 2015). Within the suite of model inputs and
outputs (see full list at: https://vic.readthedocs.io/en/master/Documentation/Drivers/Classic/ClassicDriver/),
we focused on station-derived precipitation and simulated SWE, ET and PET. Snowmelt was computed as the
negative change in SWE and SWI was the summation of snowmelt and rainfall at each time stamp (daily). VIC
considers blowing snow sublimation within its snow model but no lateral transport of wind-blown snow across
grid cells (Bowling et al., 2004). As previously stated in Hale et al. (2023), we assumed that negative changes
in SWE were primarily associated with a melt flux, via a latent heat flux, as opposed to sublimation, given the
order-of-magnitude difference between the latent heat of fusion and sublimation of water (Barnhart et al., 2016;
Hood et al., 1999).
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The VIC model has shown similarities in environmental conditions and outputs with other land surface models
(Chenetal., 2015; Feng et al., 2008) when previously used to simulate the mountain snowpack (Elsner et al., 2010;
Hamlet & Huppert, 2002; Hamlet & Lettenmaier, 1999; Mote et al., 2005; Vano & Lettenmaier, 2012; Vano
et al., 2015). Similarly, the VIC-generated land surface and hydrologic flux variables have provided hydrologic
estimates consistent with observations (Andreadis et al., 2009; Mote et al., 2018). Masked to the domain of
interest, this study used data from the VIC version and parameterization of Livneh et al. (2015), which was
validated against streamflow observations for the major river basins of CONUS. The Livneh et al. (2015) VIC
simulation included a full iterative energy balance option and no explicit frozen soil option to ensure a conserv-
ative estimate of spring runoff magnitude and rate. It is acknowledged that overestimating frozen soils could
overstate linkages between snowmelt and streamflow, while a conservative estimate could underestimate stream-
flow in some regions. The VIC model employs a rain-snow temperature range centered around a default of 50%
rain—snow temperature threshold value, which was 0.0°C (Livneh et al., 2015). It is encouraged that future work
explore additional model-based rain-snow air temperature and relative humidity thresholds to evaluate associated
sensitivities around snowfall fraction and snowmelt (Jennings et al., 2018).

Precipitation and VIC-generated SWE data from this data set were used to generate long-term and annual
snow water storage metrics (see Section 2.3), which were previously compared to ground-based snow obser-
vations generated from the automated SNOwpack TELemetry (SNOTEL) network in the western U.S. in Hale
et al. (2023) for validation. Finally, VIC-generated ET and PET were compared against the Catchment Attrib-
utes and Meteorology for Large-Sample Studies (CAMELS) data set. This data set contains the daily variables
needed to quantify additional annual snow water storage values using observational inputs (e.g., precipitation
and temperature). Specifically, the CAMELS data set uses North American Land Data Assimilation System
(NLDAS) precipitation inputs to optimize the Snow17 model against United States Geological Survey (USGS)
streamflow gage sites to generate SWE outputs (Newman et al., 2015). Analyses have been completed to compare
the modeled streamflow to observational stream gage data (Newman et al., 2015) and compare the corresponding
SWE product to SNOTEL sites and additional snowpack models across CONUS and the western U.S. specifically
(Duan et al., 2023; Raleigh & Lundquist, 2012). Future in-depth analyses on the timing of peak SWE and snow-
melt are encouraged, since uncertainty exists across datasets yet accurately representing SWE greatly influences
estimates of snow water storage (see Section 2.3). Finally, observed streamflow and modeled ET and PET data
were also available within the CAMELS data set, which were needed to calculate (and compare) annual hydro-
logic partitioning, from 1980 to 2014 across the western U.S. (Newman et al., 2015).

2.3. The Snow Storage Index

The SSI was previously developed to represent the differences in temporal alignment (i.e., phase) and amplitude
(i.e., magnitude) between precipitation seasonality and surface water inputs seasonality, creating a dimensionless
value between —1 and 1 (Hale et al., 2023). This metric is wholly defined with further exemplar applications in
Hale et al. (2023), and uses the methodology outlined in Woods (2009), generating, first, a precipitation sine
curve, subscript P:

P(t)=P 365

1+6p sin<—2”(’_ m)] )

where P is the mean precipitation, ¢ is the timestamp (days), sp is the precipitation phase shift (days), and 6p is
a dimensionless seasonal amplitude of precipitation. sp and §p are determined by fitting a nonlinear model to the
daily precipitation data. Second, a SWI sine curve was developed:

SWI(n = SWI [1 + dswi sin ( W >] o

where SWI is the mean SWI, (sswi) is the SWI phase shift (days), and 6swy is a dimensionless seasonal amplitude
of SWI. sswr and Ssw; are determined by fitting a nonlinear model to the daily SWI data. Finally, to generate the
SSI, the two sine curves were combined, to compare the phase and amplitude of the SWI and P sine curves:

27(ssw1 — Sp) )] 3)

SSI = —[6sw15gn(6p)cos< 365
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Sgn represents the “sign” function, which extracts the sign of a real number. The final calculations were multi-
plied by —1 so that positive values corresponded with greater snow water storage. Thus, the differences between
the phase (or timing) and the amplitude (or magnitude) of precipitation seasonality and SWI seasonality were
evaluated, creating a dimensionless value between —1 (P and SWI in-phase with greater seasonality) and 1 (P
and SWI out-of-phase with greater seasonality). We used annual average SSI values greater than O (the threshold
where P and SWI have no seasonality) to focus on areas where there exists annual misalignment between falling P
and SWI generation. The annual average SSI was used to explore the inter-annual surface water storage dynamics
within each grid-cell. In addition to the SSI examples shown and outlined in Hale et al. (2023), relevant depictions
of this methodology applied to daily precipitation and surface water inputs data across climates and mountain
ranges are shown in Supporting Information S1 (Figure S1).

2.4. Ratios of Surface Water Inputs and Precipitation (SWI:P)

The ratio of weekly SWI to weekly precipitation (P) represents a proxy for snowpack water storage and release
behavior, that is utilized in this research to complement the SSI-based analyses. We used a weekly and 30-day
moving average of SWI:P as an additional independent environmental variable to compare against the dependent
hydrologic partitioning metric (see Section 2.5). Because the SSI is a function of precipitation and SWI, the SWI:P
ratio provides first-principle insights into daily to weekly snow water storage in a given region. If the SWI:P ratio is
high (>1), more SWI occurred than P in a given time period, and the snowpack released stored water as snowmelt.
If the SWIP ratio is low (<1), more P occurred than SWI, and some P fell as snow and was stored in the snow-
pack. If the SWI:P ratio = 1, P either fell as rain or melted soon after falling as snow. Typically, areas with greater
annual SSI values had a smaller SWI:P in winter/spring months and a larger SWI:P in late spring/summer months.
Areas with lower annual SSI values experience a larger SWI:P in winter/spring months and a smaller SWI:P in late
spring/summer months. Thus, this metric might be expected to closely relate to hydrologic partitioning, as weekly
and 30-day moving averages of SWI:P capture the timing (and relative amount) of snow water storage for every
week or day of the year. Examples of daily SWI:P ratios are also shown in Supporting Information S1 (Figure S1).

2.5. The Budyko Framework

A similar approach to Barnhart et al. (2016) and Berghuijs et al. (2014) was applied to quantify hydrologic partition-
ing using the VIC and CAMELS data and the Budyko framework (Budyko, 1974). Hydrologic partitioning, in this
context, is defined as the annual fraction of precipitation (P) that becomes ET or streamflow (Q). Based on the climate
conditions (i.e., aridity index), the Budyko framework was used to predict the amount of annual precipitation that
would become streamflow or ET (Figure 1, black line). Anomalies from the Budyko hypothesis expectation, indicate
over- or under-production of streamflow, where a positive anomaly indicates overproduction of streamflow from
the expectation (Figure 1, blue point and bracket) and a negative anomaly indicates underproduction of streamflow,
or overproduction of ET (Figure 1, yellow point and bracket). Thus, the use of the Budyko framework allows for a
spatially and temporally distributed evaluation of long-term hydrologic partitioning behavior across the study domain.

Specifically, the expected partitioning behavior estimated from the Budyko framework was obtained for each VIC

PET) to the long-term evaporative

grid-cell and CAMELS watershed, relating the long-term aridity index (i.e., -

fraction (i.e., E—PT):

ETexpec
expected _ \/(PETtanh( P >)<1 _exp<_PET>> @
1:)expecled P PET P
The Budyko framework thus served as the expected E—: (or1 - %) for any EPT value (Figure 1, black line). An

anomaly from the expectation indicated over or underproduction of ET or Q relative to the expectation (Figure 1
blue and yellow points and brackets):
ETannm ETcxpcclcd _ ETVIC

= 5
P Pexpecled PVIC ( )

where ET‘”‘Tj‘"’“ is the vertical difference between the expected E—PT, per the Budyko hypothesis, and the E—PT fraction

from the VIC or CAMELS data sets. We subsequently evaluated potential relationships between annual aver-

age SSI and SWI:P ratios and the Budyko anomaly (ET';“’"“). We evaluated deviations of each VIC grid-cell and

CAMELS lumped watersheds from expected hydrologic partitioning, and then grouped grid-cells and watersheds
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Figure 1. Hypothetical depiction of the Budyko framework (Budyko, 1974), used to predict the amount of annual precipitation
(P) which will become evaporated (evapotranspiration (ET)) or streamflow (Q), based on an index of the catchment aridity
(potential evapotranspiration (PET)/P). The black line represents the Budyko expectation. Energy-limited catchments are
classified as PET/P < 1, and water-limited catchments are classified as PET/P > 1. The black point represents a catchment
which partitions annual water inputs as expected. The yellow point represents a catchment which partitions more water inputs
to ET than expected, and the yellow bracket is the quantifiable anomaly from the Budyko hypothesis. Finally, the blue point
represents a catchment which partitions more water inputs to Q than expected, and the blue bracket is the anomaly from the
expectation. To quantify anomalous behavior, the vertical difference between the line and the point is taken. Thus, positive
anomaly values indicate points falling below the line, and negative anomaly values indicate points falling above the line.

across eco-regions. Deviations from expected partitioning values, evaluated relative to the SSI, were used to
infer how water storage within snowpacks influenced hydrologic partitioning behavior, and to infer the climate
sensitivity of hydrologic behavior.

To secondarily explore differences in hydrologic partitioning associated to climate, the long-term average precip-
itation, temperature, and aridity index were used to differentiate between arid and humid eco-regions. Energy
PET PET

limitations generally existed when - < 1, and water limitations existed when - > 1, (shown in Figure 1).

These limitations guided the grouping of mountainous eco-regions across the western U.S.

3. Results

Twenty-six percent the study area had an annual average SSI greater than 0 (Figure 2a, n = 7,173 of 27,560 total
grid-cells in the western cordillera), signifying the areas in which snowpack water storage acts to decouple the
timing of P and SWI generation. Extensive areas of high annual SSI values (>0.75) existed in the eco-regions
of the North Cascades, Cascades, Columbia Mountains/Northern Rockies, Idaho Batholith and Middle Rockies
(labeled in Figure 2a). Mid-range annual SSI values (0.5-0.75) existed in the Sierra Nevada, Wasatch and Uinta
Mountains, and Southern Rockies. Spatial similarities in annual average SSI were reflected in the station-based
CAMELS data set (Figure 2b, n = 62 stations), where greater annual average SSI values were seen in northern
eco-regions and the central part of the Middle and Southern Rockies.

All VIC grid-cells fell within the physical limits of Budyko space (Figure 3, colored by SSI). Each eco-region
showed a slightly different relationship between the annual average SSI and the Budyko anomaly (Figure 4, both
r?and R, p < 0.05 in all eco-regions). Yet, in almost all instances, the significant relationship between SSI and the
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Figure 2. Annual average Snow Storage Index (SSI), where annual average SSI > 0, across the (a) 64-year Variable Infiltration Capacity model output record
(n=17,173), and, (b) 34-year Catchment Attributes and Meteorology for Large-Sample Studies data set record (n = 62). Maritime eco-regions and climates exist in
North Cascades, Cascades, and Sierra Nevada; and inter-mountain/continental eco-regions and climates exist in Blue Mountains, Idaho Batholith, Canadian Rockies,
Columbia Mountains/Northern Rockies, Middle Rockies, Wasatch/Uinta Mountains, Southern Rockies.
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Figure 3. Long-term average aridity (EPT

) and evaporative (%) fractions within Budyko space (Budyko, 1974) for 10 mountainous eco-regions across the western
United States. The eco-regions classified as energy-limited are the six left-most panels, and the eco-regions classified as water-limited are the four right-most panels.
Variable Infiltration Capacity grid cells are colored by average annual Snow Storage Index. Black open circles indicate the Catchment Attributes and Meteorology for

Large-Sample Studies data within each eco-region.
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Figure 4. Annual average Snow Storage Index compared to the Budyko anomaly per grid-cell, per eco-region across the western United States. All relationships are
statistically significant (linear and Spearman rank p < 0.05). Shading represents the 95% confidence interval, and Variable Infiltration Capacity grid cells are colored

by average annual aridity (

PET
P

). Corresponding slope, linear r? values and Spearman rank correlation values (R,) are listed in each panel. Positive Budyko anomalies

indicate overproduction of streamflow, whereas negative Budyko anomalies indicate underproduction of streamflow. Black open circles indicate the Catchment
Attributes and Meteorology for Large-Sample Studies data within each eco-region.

Budyko anomaly was positive in slope, with greater SSI values associated with a greater Budyko anomaly (i.e., more
streamflow production than expected). While this relationship was generally linear, we reported both 2 values and
Spearman rank correlation values (R,) to account for potential non-linear relationships. The relationship between
the SSI and the Budyko anomaly was positive in slope and strongest in the Cascades (> = 0.62, R, = 0.81), North
Cascades (r* = 0.61, R, = 0.74), Blue Mountains (> = 0.56, R, = 0.70), Canadian Rockies (r* = 0.55, R, = 0.72),
Idaho Batholith (2 = 0.48, R, = 0.69), and Columbia Mountains/Northern Rockies (2 = 0.45, R, = 0.55).

The relationship between annual average SSI and the Budyko anomaly was relatively weak and positive in slope
in the Middle Rockies (> = 0.13, R, = 0.35), Wasatch and Uinta Mountains (r*> = 0.30, R, = 0.52) and Southern
Rockies (2 = 0.20, R, = 0.50). The SSI-Budyko anomaly relationship was weak and negative in slope in the
Sierra Nevada (7 = 0.03, R, = —0.19). On average across the western U.S., areas with greater annual average SSI
values partitioned a larger proportion of annual precipitation to streamflow relative to the expected proportion
from the Budyko hypothesis (r> = 0.29, p < 0.05, not shown). Thus, larger SSI values result in a larger Budyko
anomaly, as areas storing more water in the snowpack for a longer period of time were more efficient at partition-
ing precipitation to streamflow than areas with a smaller SSI value.

Across the four defined and distinct eco-region groups, separated by climate and relative water versus energy
limitations (Figure 5a), the relationship between annual average SSI and the Budyko anomaly was particu-
larly strong and positive in slope in more energy-limited eco-regions, in both maritime (> = 0.57) and
inter-mountain/continental (r> = 0.42) climates (Figures 5b and 5¢). The relationship was significant (p < 0.05)
but weak (> = 0.03) and negative in slope in water-limited, maritime eco-regions; and relatively weak (> = 0.20)
and positive in slope in inter-mountain/continental eco-regions (Figures 5d and 5e). The CAMELS data fell
within the spread of VIC grid-cells within the four groups of eco-regions (Figures 5a—5e).

Weekly SWI:P ratios were strongly related to hydrologic partitioning to streamflow, primarily in more
energy-limited eco-regions and during periods of relatively high snowpack water storage. For example, Figure 6
shows the weekly SWI:P-Budyko anomaly relationship in the North Cascades from early March to mid-August,
where all weeks showed significance (p < 0.05) except the week of May 20. In spring months, smaller volumes
of weekly SWI were produced in areas within the North Cascades eco-region that had a larger SSI value (>0.75).
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) across the domain, guiding the generation of four eco-region groups, outlined in four distinct colors; where the average

annual Snow Storage Index was then compared to the Budyko anomaly per grid cell, across the bins of data: (b) (green) Maritime, more energy-limited eco-regions;
(c) (purple) Continental, more energy-limited eco-regions; (e) (blue) Maritime, more water-limited eco-regions, and; (e) (yellow) Continental, more water-limited
eco-regions. All relationships are statistically significant (p < 0.05), and associated r> and slope values are listed on each panel. Black open circles indicate the
Catchment Attributes and Meteorology for Large-Sample Studies data within each eco-region.

Comparatively, areas within the North Cascades with smaller SSI values (<0.5) had produced large SWI volumes
in spring. Areas within the eco-region with a smaller weekly SWI:P ratio in March/April (i.e., greater SSI)
produced a larger annual Budyko anomaly, compared to areas within the eco-region with a larger SWI:P ratio
(i.e., lower SSI) during these spring weeks, which consistently produced a smaller Budyko anomaly (Figure 6,
top row). This resulted in a strong relationship (max 7> = 0.74), negative in slope, between weekly spring SWI:P
ratios and the Budyko anomaly. Thus, low spring SWI:P ratios resulted in greater partitioning to streamflow in
the North Cascades.

The slope of the weekly SWI:P-Budyko anomaly relationship decreased in magnitude during the months of May
and early June (Figure 6, second and third rows), until the weekly SWI:P-Budyko anomaly slope became positive
in late June and July (Figure 6, bottom row). More SWI was produced during June/July in areas of the North
Cascades with a larger SSI value, and less SWI was produced in areas with a smaller SSI value. In turn, areas with
a larger SWI:P ratio (large SSI) in June/July produced a larger Budyko anomaly, and areas with a smaller SWIL:P
ratio (smaller SSI) produced a smaller Budyko anomaly. Thus, larger summer SWI:P ratios, associated with the
release of water storage from the snowpack, resulted in more partitioning to streamflow.
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Figure 6. Weekly SWI:P in the North Cascades, exemplar of an energy-limited eco-region. Greater Snow Storage Index (SSI) grid-cells store water in the snowpack
in spring months (April/May), and thus SWI:P is small, compared to lower SSI regions which release snowmelt from the snowpack earlier in the year (top row).
Trend lines have been added to panels where the relationship between SWI:P and the Budyko anomaly is significant (linear and Spearman rank p < 0.05). X-axes are
logarithmic, and corresponding linear r? values and Spearman rank correlation values (R,) are included.

Consistent across all energy-limited eco-regions, the relationships between the weekly SWI:P ratio and the
Budyko anomaly were strongest in the spring months (maximum r? = 0.62-0.74, not shown for all eco-regions).
These relationships were also assessed using logarithmic and exponential functions, however, the difference
between linear and non-linear 2 values were never more than 5% or 2%, respectively. In turn, we have reported
just the linear r? value and Spearman rank correlation value (R) (e.g., Figures 6 and 7 on a logarithmic scale). The
analysis was also conducted using a 30-day moving window to explore constraints around organizing by calendar
weeks, but we found that, ultimately, evaluating these variables weekly was suitable in providing a first principle
explanation for SWI:P controls on the Budyko anomalies.

The dynamic relationship between weekly SWI:P ratios and the Budyko anomaly was less prominent in relatively
water-limited eco-regions (across both maritime and inter-mountain/continental climates). Figure 7 shows the
Southern Rockies as a contrasting example to the North Cascades example shown in Figure 6. Through the same
5-month period, little partitioning sensitivity to weekly SWI:P ratios existed. The relationships were significant
during the weeks of 4 March, 18 March, 1 April-22 April, 6 May—12 August. The slope of the relationships
between weekly SWI:P and the Budyko anomaly were similar in sign as seen in the North Cascades; that is, there
was a negative slope in spring months, transitioning to positive slope in summer months. However, the strength
of the relationships was relatively weak in comparison (maximum r? < 0.3). The relatively weak relationships, in
addition to those seen in Figures 4 and 5, suggest that the sensitivity of hydrologic partitioning to variability in
snow water storage was relatively modest in more water-limited eco-regions compared to the strong explanatory
signal seen in more energy-limited eco-regions.

4. Discussion

On average, regions with greater SSI values partitioned more annual precipitation volume to streamflow
than what would be expected based on the Budyko hypothesis (Figure 4). This relationship was especially
prominent in more energy-limited eco-regions (Figures 4, 5b, and 5c). These same regions exhibited distinct
snow water storage and water release periods in the spring/summer months, and the associated weekly SWI:P
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Figure 7. Weekly SWI:P in the Southern Rockies, exemplar of a continental, more water-limited eco-region. Trend lines have been added to panels where the
relationship between SWI:P and the Budyko anomaly is significant (linear and Spearman rank p < 0.05). X-axes are logarithmic, and corresponding linear 2 values and
Spearman rank correlation values (R,) are included.

ratios were strongly related to hydrologic partitioning (Figure 6). Thus, where water was stored in the snow-
pack throughout spring months (March/April) and released later in summer months (June/July), more annual
precipitation ultimately became streamflow than expected. In addition to historic declines in snowfall and
mean and peak SWE (Mote et al., 2018; Stewart, 2009; Stewart et al., 2004), regional snow water storage, as
defined by the SSI, has also declined (revealed in Hale et al. (2023)), which indicates that hydrologic parti-
tioning to streamflow may also decline, partitioning less water to streamflow and decreasing the amount of
available downstream water.

Referring to the introduction of this work, in which two opposing hypotheses were presented in the context
of hydrologic partitioning sensitivities to snow water storage, the results of this work indeed confirm that the
first hypothesis (i.e., the role of snow water storage in generating a large and fast late-spring/summer snowmelt
pulse) seems to dominate the hydrology in more energy-limited eco-regions (Figure 6) (Barnhart et al., 2016).
The second hypothesis (i.e., the role of snow water storage in aligning SWE and PET) may be counter-acting the
first hypothesis in a rather significant manner in more water-limited areas (Figure 7) (Foster et al., 2016; Jeton
et al., 1996). The strength of the SSI- and SWI:P-Budyko anomaly relationships in energy-limited eco-regions
also suggests that these catchments are more sensitive to changes in snow water storage than water-limited
eco-regions, as it pertains to hydrologic partitioning. These energy-limited eco-regions have also shown to be the
areas of highest sensitivity to changes in temperature and thus snowpack (Mote et al., 2018).

The relationship between the snow water storage metric (SSI) and hydrologic partitioning ultimately provides a
physical rationale for the partitioning relationships seen in past works, which highlight snow fraction and snowmelt
rate as controlling variables of hydrologic partitioning (Barnhart et al., 2016; Berghuijs et al., 2014). The results
seen here, relating expected versus observed or modeled streamflow to both the SSI (i.e., > = 0.45-0.62 across
eco-regions) and SWI:P ratios (Figures 6 and 7) are significantly stronger than the relationship between snow
fraction and Budyko anomalies illustrated in Berghuijs et al. (2014) (i.e., 7 = 0.3, n = 420) or within our study
(r> =0.18, n = 7,173, not shown). This is because a high snow fraction does not necessarily indicate greater snow
water storage. Instead, the uniqueness of the SSI is to additionally capture the temporal component between snow-
fall and snowmelt, as well as the magnitude of both. Snowmelt rates show comparable control on water partitioning
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(Barnhart et al., 2016), particularly because the rate of snowmelt is dependent on energy availability, which varies
seasonally (Musselman et al., 2017). Thus, a uniting explanatory variable, providing a first principle mechanism
for annual hydrologic partitioning, is snow water storage and the degree to which various regions store and release
water, in volume and in time.

Importantly, the SSI is a metric that captures differences in timing and magnitude of precipitation and surface
water inputs beyond solely SWE residence time or SWE magnitude. Whereas SWE residence time may be long in
high, cold environments like the Southern Rockies (Harpold et al., 2012), nuances to the SSI exist where summer
rainfall acts to reduce seasonality in precipitation and SWI and thus decrease the SSI. As a result, decreases
or increases in annual partitioning of water to streamflow may occur, depending on the climate and elevation
(Carroll et al., 2020). These nuances are not otherwise captured in current metrics used as proxies for water avail-
ability, such as average or peak SWE, adding analytical power to the SSI. The SSI further complements existing
indices developed for evaluating the integrative hydrologic impact of seasonal snow, such as the temporal lag
between precipitation and snowmelt used to identify downstream hydrologic deficits from snowmelt and rainfall
(Staudinger et al., 2014) and the potential for snowmelt to meet downstream demands in hydrologically vulnera-
ble regions of the world (Hale et al., 2023; Immerzeel et al., 2020; Mankin et al., 2015).

The model-derived SSI data were compared to observational SSI data, derived from SNOTEL station data,
in the western U.S. in Hale et al. (2023) (r> = 0.51) and compared to additional SSI data, derived from
the CAMELS data set, here (Newman et al., 2015). SSI differences between VIC grid-cells (6 km scale)
and observation-based CAMELS lumped watersheds may exist due to the differing spatial scales (Livneh
& Badger, 2020; Newman et al., 2015), record lengths, and corresponding snow models in use (Andreadis
et al., 2009; Newman et al., 2015). A higher spatial model resolution would need to be investigated in future
work to more thoroughly explore snow water storage and partitioning relationships and the error associated with
spatial scale. The VIC model physics likely affect the relationship between SSI and the Budyko anomaly seen
within the model data, via its baseflow parameterization (e.g., nonlinear or linear). For example, if employing a
nonlinear baseflow parameterization, the model will be more efficient at generating runoff when soil moisture
storage in the third layer is above a given threshold, which could occur more frequently in the energy-limited
areas (Bao et al., 2012). VIC also computes deep percolation loss to ground water, which may influence
annual partitioning (Bowling et al., 2004; Liang et al., 1994). Future efforts should consider the effects of the
subsurface and relevant connectivity among soil, groundwater, and vegetation (Cayan et al., 2010; McNamara
et al., 2005). Future work should also include recent advances in the rain-snow phase partitioning temperature
threshold (set as 0.0°C in this model version) (Jennings & Molotch, 2019). The effect of the rainfall/snowfall
temperature threshold could be particularly important in more arid regions, where this threshold is often above
0.0°C (Jennings & Molotch, 2019) and where the quality of the estimated air temperatures in VIC is potentially
lower (Livneh et al., 2015).

Climate warming has caused fundamental changes to the hydrologic cycle in the mountainous west with
remaining unknown effects on the sensitivities of water availability (Berghuijs et al., 2014; Foster et al., 2016;
Gupta & Soroosh, 1998; Hinckley et al., 2012; Livneh & Badger, 2020; Safeeq et al., 2013). In recent decades,
runoff sensitivities to high temperatures have become exacerbated, particularly in semi-arid, water-limited
regions, where snowmelt is a primary water source (Lehner et al., 2017). This work addresses an impor-
tant knowledge gap in mountain hydrology by assessing the mechanisms by which snow water storage
impacts hydrologic partitioning (Berghuijs et al., 2014; Bosson et al., 2012; Groisman et al., 2004; Mote
et al., 2005, 2018). Regional snow fraction, snowmelt rate and SWE trend analyses do not alone capture
the timing of water availability to terrestrial systems (Barnhart et al., 2016; Berghuijs et al., 2014; Mote
et al., 2005, 2018; Zhang et al., 2015). These previously studied variables, while important, do not explicitly
represent the role of snowpack water storage in the hydrologic cycle or catchment water balance. The SSI is
unique in that it quantifies the timing and relative magnitude of water availability in these regions. In turn,
the SSI and SWI:P ratios provide a metric to assess spatial differences in hydrologic partitioning, by way of
the Budyko hypothesis framework. Hale et al. (2023) showed that average snow water storage across western
North America is decreasing. As snow water storage continues to decline in response to warming, a shift in
seasonal SWI:P ratio is expected. Consequently, decreased snow water storage, particularly in energy-limited
catchments, may cause a decrease in hydrologic partitioning to streamflow, placing a strain on downstream
water availability, which may exacerbate other mechanisms leading to shortages in regional water supplies
(Griffin & Anchukaitis, 2014; Immerzeel et al., 2020).
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5. Conclusion

A snow water storage metric (SSI) and weekly surface water inputs-precipitation (SWI:P) ratios were directly
related to hydrologic partitioning, by way of the Budyko framework. The SSI was positively correlated with
greater hydrologic partitioning to streamflow than expected, particularly in the Cascades (r* 0.62), North
Cascades (7% 0.61), Blue Mountains (+2: 0.56), Canadian Rockies (r* 0.55), Idaho Batholith (r* 0.48), and
Columbia Mountains/Northern Rockies (r%: 0.45). These results indicate more streamflow partitioning associated
with greater snow water storage. Similarly, these eco-regions showed strong relationships between streamflow
production and seasons of water storage (e.g., March/April), represented by a ratio of SWI to precipitation (P),
where greater early season water storage in the snowpack was related to increased annual hydrologic portioning to
streamflow (72 = 0.62-0.74). The Sierra Nevada, Middle Rockies, Wasatch/Uinta Mountains, Southern Rockies
showed less sensitivity of hydrologic partitioning to SSI and SWI:P (+> < 0.3). The relationships between SSI and
SWI:P ratios, and the Budyko anomalies revealed herein provide mechanistic insights on hydrologic partitioning
in snow water storing areas. The results fill an important knowledge gap by relating time-magnitude dimensions
of snow water storage, by way of the SSI, to annual streamflow partitioning. Snow water storage across Earth's
mountain ranges are highly sensitive to climate warming. As snow water storage declines, hydrologic partitioning
to streamflow may also decline, with large implications for future water resources across the western U.S., with
potential global implications.

Data Availability Statement

To access the formatted annual (1950-2013) VIC-modeled Snow Storage Index products, please visit: https://
doi.org/10.5061/dryad.3bk3j9kpn. Meteorological data used to force the Variable Infiltration Capacity (VIC)
model across North America from 1950 to 2013 were downloaded from the NOAA National Centers for
Environmental Information (https://www.ncei.noaa.gov/access/metadata/landing-page/bin/iso?id=gov.noaa.
nodc:Livneh-Model). The resulting flux data were downloaded from the same source. The semi-observational
Catchment Attributes and Meteorology for Large-sample Studies (CAMELS) data set was downloaded from
the National Center for Atmospheric Research (https://ral.ucar.edu/solutions/products/camels). Level III
eco-region boundaries for mapping and analysis were accessed from the EPA (https://www.epa.gov/eco-research/
level-iii-and-iv-ecoregions-continental-united-states).
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